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Abstract 

If  very  small  atnplitude  cyclic  (or  "ripple")  loads  perturb  an  otherwise  constant  load 
condition  in  an  aggressive  environment,  life  prediction  Ixised  solely  on  the  static  stress-corrosion 
cracking  threshold  (Kiscc)  ittay  prove  nonccxiservative,  as  the  ripple-load  effect  may  {noduce 
fracture  in  a  stractural  alloy  at  stress-intensity  levels  less  than  50%  of  Kjscc-  By  approaching 
ripple-load  cracking  as  an  extreme  case  of  high  stress-ratio  (corrosion)  fatigue,  a  threshold 
parameter  (Kirlc)  is  identified  to  ensure  fail-safe  life  even  in  the  presence  of  the  ripple  effect. 
From  study  of  select  materials  in  each  of  the  primary  structural  alloy  families  -  Fe,  li,  and  Al, 
those  materials  which  exhibit  relatively  high  levels  of  Kjscx:  appear  to  be  more  prcme  to 
degradation  by  the  ripple  effect  The  occurrence  of  a  ripple  effect  in  a  relatively  benign 
environment  is  also  explored  for  a  titanium  alloy  in  ambient  air,  which  exhibits  a  sustained  load 
racking  behavior  that  has  been  attributed  to  internal  hydrogen  content  Similarly,  a  significant 
kipple-load  effect  can  be  predicted,  with  a  threshold  level  of  Kirlc  less  than  50%  of  the 
sustained  load  cracking  threshold,  Kislc* 


Introduction 

In  many  engineering  tqrplications,  the  primary  function  of  a  structural  material  is  to  carry 
loads  reliably  over  a  period  of  time.  However,  these  loads  are  often  borne  in  an  aggressive 
envirotunent  where  degradation  in  load-carrying  cap^ity  can  occur  over  time  by  a  variety  of 
cracking  phenomena  ,  including  stress-corrosion  cracking  (SCC).  For  a  structural  material  which 
contains  a  crack  or  crack-like  defect,  the  resistance  to  SCC  is  often  evaluated  in  terms  of  the 
fracture  mechanics  parameter,  Kiscc.  the  threshold  su-ess-intensity  factor  below  which  crack 
extension  will  not  occur.  The  measurement  of  Kiscc  and  its  application  to  the  design  of 
stractures  for  a  marine  environment  commonly  presurties  sustained  ot  constant  load  conditions. 
Applications  in  the  real  world,  however  —  wUch  span  the  gamut,  e.g.  from  offshore  platform 
stmetures  to  steam  turbine  blades  —  rarely  involve  an  absolutely  constant  load  condition,  but  are 
far  more  apt  to  involve  the  superposition  of  relatively  small  amplitude  cyclic  load  perturbations. 
Though  such  perturbations  might  at  first  glance  seem  virtually  insignificant  on  the  basis  of  their 
amplitude,  mounting  evidence  indicates  to  the  contrary,  that  the  "ripple  effect"  -  a  term  first  used 
by  Speidel^  may  be  quite  significant.  For  example,  Ae  woric  of  Qooker  et  al.2  demonstrated 
that  Ae  ripple-lc^  effect  codd  produce  fiacture  in  a  steel  at  stress-intensity  levels  as  much  as 
60%  less  than  Ae  Kiscc  threshold  m  aqueous  sodium  chloride  solution,  for  a  ripple-load 
amplitude  equal  to  10%  of  Ae  maximum  load.  In  fact,  recent  work  wiA  titanium  and  aluminum 
alloys  similarly  suggests  Aat  Ae  presence  of  such  ripple  loads  can  significantly  shorten  structural 
life.  Parkins^.^  has  observed  Aat  small  fluctuating  loads  may  produce  Ae  initiation  of  SCC 
cracks  at  significantly  lower  stresses  Aan  Aose  required  to  prepuce  SCC  under  purely  static 

Key  terms:  tipple-load,  stress-corrosion  cracking,  sustained-load  cracking,  threshold 
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loads.  Thus,  life  prediction  based  solely  on  the  static  Kiscc>  without  consideration  of 
perturbing  ripple  loads,  may  be  ncmconservadve. 

Not  all  materials,  however,  appear  susceptible  to  the  npple-load  effect.  For  instance, 
though  Crooker  et  al.2  observed  a  60%  degradation  in  the  case  of  an  HY-130  steel,  yet  for 
identical  loading  conditions,  they  found  absolutely  no  degradation  in  the  case  of  a  4340  steel. 
Similar  examination  of  sensitivities  to  the  ripple-load  effect  has  been  made  fen*  materials  in  other 
families  of  structural  alloys  as  well.  To  explain  this  seemingly  enigmatic  behavior,  a  predictive 
framework  has  been  developed  wherein  ripple-load  cracking  is  approached  as  an  extreme  case  of 
very  high  stress-ratio  fatigue  crack  growth.  Critical  conditions  for  ripple-load  cracking  are 
defined,  and  a  new  threshold  parameter  (Kirlc)  is  identified  which  can  ensure  a  fail-^e  life 
under  ripple  conditions. 

The  extension  of  this  predictive  framework  as  it  pertains  to  the  influence  of  ripple  loads 
on  sustained  lead  cracking  (SLC)  behavior  in  titanium  alloys  will  also  be  examined.  This  case 
parallels  that  of  SCC,  except  that  the  surrounding  environment  is  air  which  is  less  aggressive. 
Some  of  the  "dry"  structures  which  could  be  potentially  vulnerable  to  this  type  of  ripple-load 
degradation  include  aircraft  stmetures,  gas  turbine  engine  disks  and  blades,  etc.  where  a  large 
sustained  load  is  usually  accompanied  by  ripple  loads.  Inasmuch  as  subcridcal  time-dependent 
SLC  failure  can  occur  above  a  threshold  level,  Kislc.  owing  to  the  presence  of  internal 
hydrogen,  the  prediction  of  ripple-load  degradation  of  the  cracking  threshold  to  levels 
significantly  below  Kjslc  will  be  explor^  as  a  function  of  hydrogen  content  in  Ti-6A1-4V. 

Experimental  Procedures 

Both  SCC-resistant  and  susceptible  alloys  from  the  three  major  engineering  alloy  families 
were  examined  in  this  study,  including  5Ni-Cr-Mo-V  steel  and  AISI 4340  steel,  beta-annealed 
(BA)  and  recrystallization-annealed  (RA)  Ti-6A1-4V  alloy,  and  peakaged  7075-T651  and 
overaged  7075-T7351  aluminum  alloys.  To  study  the  ripple-load  effect  in  ctMijunction  with 
SLC  of  titanium  alloys  in  ambient  air,  the  very  same  beta-annealed  Ti-6A1-4V  alloy  was  selected 
for  examination  at  two  levels  of  internal  hydrogen  ctmtent,  viz.  60  and  1 1(X)  wppm.  Specific 
chemical  analysis,  product  form,  and  mechanical  properties  for  these  alloys  are  available  from 
previous  publications.^*^ 

To  simulate  a  ripple-load  condition  and  to  measure  threshold  levels  of  stress-intensity 
range  directly,  precracked  specimens  were  cyclically  loaded  at  room  temperature  in  a  3.5%  NaCl 
solution  with  a  stress  ratio  (minimum:  maximum)  of  R  =  0.90  (10%  ripple  loading),  a  haversine 
or  a  triangular  waveform,  and  a  cyclic  frequency  of  either  0.1  or  5  Hz.  SCC  thresholds  were 
determine  in  the  3.5%  NaCl  solution  using  either  constant  load  cantilever  bend  bar  tests  or 
slow-strain  rate  tests  with  a  loading  rate  of  10*^  MPaVm/s.  Thresholds  for  SLC  were  similarly 
determined  in  an  ambient  air  environmeiit.  Oack  lengths  were  determined  using  a  ctxnpliance 
related  CMOD  technique.  Details  of  the  experimental  procedures  have  been  published 
elsewhere.2.5-7 


Analysis  of  the  Ripple-Load  Effect 

Ripple-load  cracking  can  be  approached  as  a  case  of  COTrosion-fatigue  at  very  high  stress 
ratio,  with  consideration  of  the  relationship  between  the  small  amplitude  stress-intensity  range 
associated  with  ripple  loading,  AK,  the  threshold  for  corrosion  fatigue,  ^th.  the  maximum 
stress  intensity,  Kmax,  and  Kiscc.  In  the  context  of  a  "ripple"  or  small  amplitude  cyclic  load, 
the  stress  ratio  is  often  presumed  to  be  R^.90,  although  such  a  stipulation  does  not  affect  the 
generality  of  the  treatment  offered  in  this  paper. 
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A  structure  stressed  above  Kiscc  and  under  a  sustained  load  is  expected  to  fail  by  a 
stress-corrosion  cracking  mechanism.  In  this  study,  our  attention  was  focused  on  die  regime 
below  Kiscc  where  propagation  of  existing  cracks  and  failure  are  not  expected  under  a  constant 
load  conditimi.  Thus,  with  the  inesence  of  small  ripples  superimposed  on  a  large  sustained  load, 

RL 

cf.  Fig.  la,  the  maximum  stress  intensity  in  the  ripple-load  cycle,  was  equal  to  or  less 
than  Kiscc*  is,  the  first  condition  for  ripple-load  cracking  can  be  set  as: 

S  Kbcc  (1) 


Next,  from  ccxrosion  fatigue  considerations,  crack  propagatitm  is  not  going  to  take  place  during 
ripple  loading  unless  AK^  in  the  ripple  cycle  equals  to  or  exceeds  AKth  or: 


AKth  ^  AK*^ 

(2) 

or 

AKth  RL 

1-R  ^  ^max 

(2a) 

Thus,  a  new  parameter,  Kirlc>  die  ripple-load  cracking  threshold  below  which  ripple-load 
cracldng  does  not  occur,  can  be  defined  as: 


K 

^IRLC 


(3) 


Combining  (1),  (2a)  and  (3),  the  conditions  for  a  material  to  exhibit  a  ripple-load  cracking  are: 


Kirlc  ^  K^  ^  Kiscc 


(4) 


Relation  (4)  is  schematically  illustrated  in  Fig.  lb.  The  ripple  effect  region,  whose  upper  bound 
is  the  stress-corrosion  cracl^g  threshold,  Kiscc.  and  whose  lower  bound  is  the  ripple-load 
cracking  threshold,  Kirlc.  defines  a  "window  of  susceptibility"  in  which  the  ripple-load  effect 
would  anticipa^  The  wider  the  window  the  more  susceptible  the  material  is  to  ripple-load 
cracking.  In  the  extreme  case  where  Kirlc  approaches  Kiscc.  die  susceptibility  window 
vanishes  and  no  ripple-load  effect  is  expect 

If  one  considers  the  difference  between  the  threshold  for  ripple-load  cracking,  Kirlc. 
and  Kiscc.  then  the  maximum  extent  of  ripple-load  degradation  can  be  defined  as: 


%  degradation  =  (1  -  Kirlc  /  Kiscc)  ^  100  (5) 
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Finally,  the  ripple-load  cracking  time-to-failure  curve  can  be  obtained  from  a  simple 
piecewise  numerical  integratitm  of  the  corrosion-fatigue  crack  growth  rate  curved,  for  the 
particular  stractural  geometry  of  concern.  Fw  the  5Ni-Cr-Mo- V  steel,  the  time-to-failure  curve 
was  predicted  from  cantilever  bend  bar  geometry,  and  for  the  other  materials,  from  a  compact 
tensicMi  geometry. 


Results  and  Discussion 
(A)  Ripple  Effect  in  Aggressive  Environment 

Figure  2  shows  the  effect  of  ripple  loading  on  SCC-resistant  5Ni-Cr-Mo-V  steel  and 
SCC-prone,  high  strength  AISI 4340  steel,  respectively.  The  predicted  ripple  loading  time-to- 
failure  curve  obtained  through  integration  of  corrosion-fatigue  data  for  5Ni-Cr-Mo-V  steel^  is 
included  in  Fig.  2.  As  can  be  seen  from  Fig.  2, 5Ni-Cr-Mo-V  steel,  though  resistant  to  SCC,  is 
very  susceptible  to  ripple-load  cracking  under  a  10%  ripple.  The  predicted  ripple-load  cracking 
threshold,  Kirlc.  is  only  31  MPaVm.  This  is  much  lower  than  the  static  Kjsec  of  1 10 
MPaVm.  This  opens  a  large  window  for  ripple-load  cracking  susceptibility,  with  a  maximum 
potential  degra^tion  of  72%.  The  predict^  time-to-failure  curve  under  ripple  loading  agrees 
well  with  the  direct  experimental  determination.  Moreover,  the  prediction  suggests  a  lower 
ripple-load  threshold  than  that  determined  directly  frwn  4000-hr  tests.  For  AlSl  4340  steel,  the 
Kirlc  predicted  from  the  ripple-load  test  is  33  MPaVm,  which  is  identical  to  the  measured  level 
of  Kiscc*  Using  relation  (4),  the  susceptibility  window  is  nonexistent  and,  therefore,  no  ripple¬ 
load  effect  is  expected  on  this  SCC-prone  steel.  Ripple-load  cracking  data  shown  in  Fig.  2b 
certainly  support  this  prediction. 

The  predicted  ripple-load  cracking  curves  for  two  titanium  alloys  which  exhilnt  different 
levels  of  SCC  resistance  are  shown  in  Rg.  3.  The  SCC-resistant,  beta-annealed  Ti-6A1-4V  has 
an  SCC  threshold  of  60  MPaVm  and  the  predicted  Kirlc  ts  only  about  28  MPaVm.  Thus,  a 
large  susceptibility  window,  shown  in  Fig.  3a,  representing  a  53%  ripple-load  degradatiem, 
exists  for  this  SCC-resistant  titanium  alloy.  Experimental  data  illustrate  a  good  agreement  with 
the  predicted  time-to-failure  curve.  Figure  3b  shows  the  ripple-load  degradation  of  the  recrys¬ 
tallization-annealed  'n-6Al-4V,  which  is  less  SCC  resistant  than  the  beta-annealed  Ti-6A1-4V. 

The  ripple-load  cracking  threshold  was  determined  to  be  around  39  MPaVm,  which  is  about  9% 
lower  than  the  static  Kiscc- 

The  predicted  ripple-load  cracking  curves  for  SCC-resistant  and  SCC-prone  aluminum 
alloys  are  presented  in  Fig.  4.  Figure  4a  shows  the  ripple-load  time-to-failure  curve  for  overaged 
7075-T7351,  which  exhibits  excellent  SCC  resistance,  even  in  the  short-transverse  (ST) 
orientation.  Again,  as  in  previous  SCC-resistant  ferrous  and  titanium  alloys,  the  susceptibility 
window  is  large  for  overaged  7075-T7351.  The  predicted  Kirlc  is  58%  lower  than  Kisec- 
The  ST-orien^,  peakaged  7075-T651  is  well  known  for  its  low  SCC  resistance  and  has 
accounted  for  the  bulk  of  SCC  failures  in  high  strength  aluminum  alloys.  Yet,  like  the  SCC- 
susceptible  AISI  4340  steel,  this  peakaged  7075  does  not  exhibit  any  ripple-load  degradation 
(Fig.  4b).  The  Kirlc  and  Kisec  are  identical  in  ST-oriented  7075-T651. 

Analysis  of  Figs.  2-4  reveals  that  the  materials  which  exhibit  greater  SCC  resistance 
under  static  load  conditions  are  far  mca-e  susceptible  to  ripple-load  degradation.  For  the  specific 
materials  and  conditions  examined  in  this  woric,  the  more  SCC-resistant  materials,  from  5Ni-Cr- 
Mo-V  steel  to  beta  annealed  Ti-6A1-4V  to  7075-T7351  Al,  are  more  prone  to  ripple-load 
degradation  than  the  less  SCC  resistant  materials,  from  high  strength  AISI  4340  steel  to 
recrystallization  annealed  Ti-6A1-4V  and  7075-T651  Al.  The  sigt^cance  of  this  finding  is 
obvious,  at  least  phenomenologically,  as  a  material  selected  for  its  superior  SCC  resistance  may 
fail  if  ripple-load  conditions  exist. 
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A  few  words  are  also  in  orda  regarding  the  ripple-load  tiine-to-failiire  curves.  It  is 
significant  to  note  that  the  predicted  curves  not  (xtly  agree  well  with  the  e}q)erimental  data  but 
tdso  permit  &e  saving  of  the  much  greater  time  and  expense  associated  wi  A  the  direct  experi¬ 
mental  determination  of  such  time-to-failure  curves.  For  instance,  as  shown  in  Fig.  2a,  a  test 
duration  up  to  30,000  hours  (~  3.5  yr)  would  be  required  to  establish  experimentally  the  ripple¬ 
load  time-to-failure  curve  for  5Ni-Cr-Mo-V  steel. 

Ripple-load  cracking  characteristics  can  be  affected  by  mechanical  and  environmental 
parameters,  however,  many  of  which  are  not  adequately  understood.  The  size  of  the  ri|^le  can 
significantly  influence  the  ripple-load  crccking  phenomenon^.  Extremely  small  ripple  loads  Gess 
titan  2.5%  of  the  sustained  load)  were  found  to  have  no  damaging  effect  oti  5Ni-Q--Mo-V  steel. 
Temperature  and  ripple-load  fr^uency,  which  are  known  to  t^ect  corrositHt-fatigue  crack 
grov^  kinetics,  should  influence  ripple-load  cracking. 

O)  Ripple  Effect  in  a  Benign  Environment 

To  investigate  the  influence  of  ripple  loads  on  the  SLC  behavior  of  titanium  alloys  in 
ambient  air,  the  ai^ysis  presented  above  in  Eqs.  (1)  -  (4)  and  illustrated  in  Fig.  1  is  modified  by 
simply  replacing  the  paraiiteter  Kiscxz  with  the  Kislc  stress-intensity  threshold  measured  for  an 
air  environment,  and  interpreting  ^th  as  the  fatigue  crack  propagation  threshold  measured  in 
amlnent  air  for  an  alloy  of  a  particular  internal  hydrogen  content  For  the  Widmanstatten  BA  Ti- 
6A1-4V  alloy  studied,  fatigue  crack  propagation  data  are  shown  in  Hg.  5a  for  hydrogen  contents 
of  60  and  1 100  wppm.  The  lower  tl^^old  AKyj  observed  in  the  case  of  the  1 100  wppm  H 
alloy  may  be  attributable  to  a  mechanism  involving  hydrogen  assisted  plasticity^.  For  the  60 
wppm  H  material,  the  Kislc  threshold  in  air  is  nteasured  to  be  about  58  MPaVm,  as  indicated  in 
Fig.  5b.  Thus,  for  this  60  wppm  H  material,  with  a  ripple-load  threshold,  Kirlc.  of  28  MPa'^m 
pt^cted  via  3, '  degradation  as  much  as  52%  below  Kislc  could  be  anticipated,  as 
displayed  in  Hg.  5c  For  the  1 100  wppm  H  material,  the  lower  AKu,  translates  to  a  lower 
Kirlc  threshold  of  21  MPaVm.  The  Kislc  threshold  and  the  extent  of  ripple-load  degradation 
for  this  high  hydrogen-containing  material  is  currently  under  study.  It  is  bought  that  such 
ripple-load  cracking  could  potentially  impact  the  performance  of  "dry"  structures  such  as  airframe 
comptments  as  well  as  gas  turbine  engine  disks  and  blades. 

Conclusions 

*  In  an  aggressive  environment,  if  a  structural  material  subjected  to  a  constant  load  condition  is 
perturbed  by  very  small  amplitude  cyclic  (or  "ripple")  loads,  any  life  prediction  based  on 
Kiscc  tnay  be  nonconservative,  as  Ae  ripple-load  effect  may  produce  fhteture  at  stress- 
intensity  levels  substantially  less  than  the  static  Kiscc  threshold. 

*  To  assure  a  fail-safe  life  from  the  ripple  effect,  a  threshold  parameter  (Kirlc)  below  which 
fracture  will  not  occur  can  be  identified  by  approaching  ripple-load  cracking  as  an  extreme 
case  of  high  stress-ratio  corrosion  fatigue. 

*  For  CCTtain  materials  fiom  each  of  the  primary  structural  alloy  families,  ripple-load  thresholds 
(Kirlc)  in  aqueous  sodium  chloride  solution  are  predicted  to  be  at  levels  some  50%  of  the 
Kiscc  threshold,  or  less;  materials  which  exhibit  greater  cracking  resistance  under  static  load 
con&titxis  seem  to  exhiltit  greater  ripple-load  degi^titxi. 
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*  In  a  relatively  benign  environment,  such  as  ambient  air  in  the  case  of  a  titanium  alloy,  a 
significant  ripple-load  effect,  which  appears  to  be  influenced  internal  hydrogen  content,  is 
similarly  pre^cted  relative  to  the  sustained  load  cracking  threshold  (Kislc)- 
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Fig.  1  Schematics  on  analysis  of  ripple-load  effect,  (a)  "Ripple"  load  superposed  on  much 
larger  sustained  load,  (b)  Susceptibility  to  ripple-load  effect. 
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2  (a)  2  (b) 

Fig.  2  (a)  Ripple-load  degradation  in  5Ni-Ci'-Mo-V  steel,  (b)  Ripple-load  cracking  and 
stress-corrosion  cracking  in  AISI 4340  steel. 
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3  Ripple-load  degradation  in  (a)  beta-annealed  Ti-4A1-4V  and  (b)  reciystallization-annealed 
ri-6Al-4V. 
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Fig.  4  (a)  Ripple-load  degradation  in  ST-OTiented,  overaged  7075-T7351.  (b)  Ripple-load 
effect  in  ST-orient^,  peakaged  7075-T651. 
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Fig.  5  (a)  Fatigue  crack  growth  rate  of  beta-annealed  Ti-6A1-4V  in  air  @  R=0.90. 

(b)  Crack  growth  rate  of  beta-annealed  Ti-6A1-4V  (60  wppm  H)  in  air  under  slow 
strain  rate  condition,  (c)  Ripple-load  degradation  in  air  in  beta-annealed 
Ti-6A1-4V  (60  wppm  H). 
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Abstract 

Surveys  and  assessments  of  pressure  vessel  and  piping  failure  statistics  can  provide  useful  information 
on  failure  modes  and  frequencies.  However,  design  codes  and  standards  do  not  always  rigorously 
address  all  those  failure  modes  which  failure  statistics  and  operating  experience  show  to  be  important, 
and  this  is  shown  to  be  true  for  corrosion  -  related  degradation  mechanisms. 

This  paper,  written  from  the  viewpoint  of  the  independent  Safety  Assessor,  considers  the  findings  of 
recent  pressure  vessel  failure  surveys  with  particular  reference  to  the  influence  of  corrosion  -  related 
processes  on  component  integrity.  The  paper  indicates  the  extent  to  which  the  through-life  reliability 
of  componvuts  subject  to  corrosion  continues  to  depend  to  a  significant  degree  on  judgement  based 
upon  experience.  Attention  is  focused  on  pitting  and  stress  corrosion  cracking  and  the  paper  discusses 
the  roles  of  in-service  inspection  and  corrosion  m0nitoring  in  ensuring  component  integrity  and  high 
reliability.  Some  implications  arising  as  a  result  of  recent  developments  in  these  fields  are  considered. 

Key  terms:  risk,  reliability,  integrity,  corrosion,  environmentally  assisted  cracking. 

Introduction 

Prediction  of  the  lifetime  for  safe  and  reliable  operation  has  become  a  topic  of  major  importance  to 
those  involved  in  the  design  and  operation  of  large  and  complex  high  cost  plant.  The  topic  is  not  only 
of  interest  for  predicting  the  remanent  life  of  comparatively  young  plant,  but  is  also  particularly 
relevant  in  the  case  of  ageing  plant  which  has  given  safe  and  rdiable  operation,  and  for  which  the 
cwners /operators  can  envisage  a  case  for  plant  life  extension  beyond  the  original  design  life.  For 
many  types  of  component  or  plant,  for  which  the  consequences  of  failure  may  be  severe,  the  complete 
life  cycle  from  design,  through  manufacture,  construction,  operation  and  decommissioning  is  likely 
to  be  subject  to  strict  national  regulatory  and  licensing  criteria.  Formal  safety  justifications  will 
invariably  be  required  to  cover  the  complete  life  cycle  of  such  items,  and  these  will  almost  certainly 
require  modification  with  increasing  time  in  service.  Against  this  background  demand  for  maximised 
service  life  and  increasingly  more  stringent  design,  regulatory  and  licensing  criteria,  there  is  a  parallel 
need  to  minimise  construction,  operation  and  maintenance  costs  whilst  maintaining,  and  indeed 
improving  safety  and  reliability  of  operation.  Very  often  decisions  concemiitg  these  apparently 
conflicting  requirements  have  to  be  based  upon  the  same  sources  of  available  information,  ai^  on  the 
same  design/assessment  criteria  and  airalytical  techniques/methodologies.  The  various  tools  and 
techniques  usually  available  for  this  purpose  itKlude  data  obtaiited  from  structural  failure  surveys, 
application  of  appropriate  design  codes  and  standards,  structural  aruil}rsis  and  integrity  assessrrrent 
methodologies,  repair,  replacement  and  inspection. 

The  technical  issues  which  affect  the  reliability  of  a  component  or  vessel  subject  to  corrosion  and  the 
risks  associated  with  its  operation  are  invariably  the  same  as  those  which  ne^  to  be  addressed  in  life 
prediction  studies  or  in  the  preparation  of  through-life  safety  justifications.  A  previous  paper*,  written 
from  the  viewpoint  of  the  independent  Safety  Assessor,  discussed  the  two  alternative  routes  to  a  safety 
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justification,  namely  the  deterministic  and  the  probabilistic  approaches,  and  highlighted  some  of  the 
difficulties  encountered  in  sustaining  a  truly  deterministic  approach.  That  earlier  paper  considered 
the  extent  to  which  design  codes  generally  address  the  more  common  failure  modes  as  indicated  by 
vessel  failure  statistics,  and  discussed  the  manner  in  which  corrosion-related  processes  may  be 
addressed  in  life  prediction  studies  or  safety  cases  in  the  light  of  current  knowledge  and 
understanding. 

This  present  paper  develops  and  expands  upon  the  thenie  of  that  earlier  paper*,  and  highlights  the 
extent  to  which  the  integrity  and  reliability  of  components  subject  to  corrosion  continues  to  rely  to  a 
significant  degree  on  judgement  based  upon  experience.  Some  examples  are  given.  A  section  then 
focuses  on  pitting  and  stress  corrosion  cracking  (SCO  and  considers  the  roles  of  both  in-service 
inspection  and  corrosion  monitoring  in  minimising  risk  of  failure.  Some  current  developments  in 
these  areas  are  summarised  and  possible  implications  discussed. 

Life  Prediction  And  Safety  Assessment  Routes 

The  two  methodologies  available  for  the  production  of  a  safety  case  are  the  deterministic  and  the 
probabilistic  approaches.  The  relative  merits  of  these  two  routes  and  the  difficulties  frequently 
encountered  in  sustaining  a  detenninistic  safety  justification  are  discussed  in  more  detail  elsewhere’. 
These  difficulties  are  exacerbated  in  the  case  of  older  plant  for  which  component-specific  data  are 
more  difficult,  if  not  impossible,  to  obtain  and  for  which  no  recognised  design  code  or  standard  may 
have  existed  at  the  time  of  manufacture.  A  degree  of  judgement  must  therefore  invariably  be 
introduced  into  the  analysis.  Despite  these  limitations  the  deterministic  approach  remains  the  route 
favoured  by  safety  authorities.  the  other  hand,  at  the  present  time  the  probabilistic  approach  is 
generally  regard^  by  the  Safety  Assessor  as  a  valuable  support  to,  but  not  a  substitute  for,  a 
deterministic  analysis.  The  value  of  the  approach  lies  in  its  ability  to  identify  the  parameters  of 
primary  importance  in  the  overall  safety  case,  such  as  the  critical  regions  of  the  component  or  vessel 
and  the  operational  or  material  factors  having  the  greatest  ii\fluence  on  the  analysis. 

Failure  Statistics,  Failure  Modes  And  Design  Codes 

A  number  of  pressure  vessel  and  piping  surveys  have  been  reported  in  recent  years*"®.  Certain 
shortcomings  in  defining  failure  categories  and  in  data  reporting  procedures  have  created  difficulties 
in  cross-comparing  the  results  of  different  surveys,  ei^r  to  establish  trends  or  to  increase  the 
database®.  Nonetheless  such  statistics  do  provide  useful  information  on  failure  frequencies  and, 
especially,  on  the  various  failure  modes  to  which  components  may  be  liable  in  service.  The  results 
of  the  third  United  Kingdom  survey*  of  pressure  vessel  failure  statistics  have  been  widely  quoted  in 
most  subsequent  surveys  and  form  a  useful  basis  for  discussion.  Smith  and  WarwicI^  reviewed 
statistics  for  20,(XX)  "Class  1"  pressure  vessels  for  the  period  1962  -  78  and  covered  more  than  3(X),(XX) 
vessel  years  operation.  The  survey  recorded  229  failures  with  cracking  as  the  most  conunon  cause, 
being  associated  with  216  of  these  cases.  Pre-existing  fabrication  faults  were  the  nnost  common  origin 
of  cracking,  accounting  for  about  30%  of  the  cases,  and  in  about  14%  of  the  cracking  failures  corrosion 
was  judged  to  be  the  major  factor  affecting  crack  propagation.  The  results  of  that  survey  are 
summarised  in  Tables  1-3. 

The  most  recent  UK  survey*  covering  the  period  1983-88,  involves  360,000  vessels  and  encompasses 
about  1.8  x  10®  vessel  years  operation.  The  scope  of  this  survey  was  extended  beyond  so-called  "C3ass 
1"  vessels  to  include  all  unfir^  pressure  components,  thus  providing  more  gener^  figures  for  pressure 
vessel  reliability  and  the  more  frequent  causes  and  inodes  of  failure  for  a  wider  population. 
Davenport*  reports  a  total  of  92  failures,  60  of  which  involved  cracking  with  fatigue  as  the  most 
common  cause.  Corrosion  was  identified  as  the  principal  cause  of  failure  in  23  of  the  92  cases  (ie 
25%).  An  observation  of  interest  as  regards  component  reliability  is  that  about  75%  of  all  fatigue 
failures  occurred  after  at  least  10  years  service,  whereas  about  65%  of  emrosion  failures  occurred  at 
between  5  and  10  years. 
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The  two  UK  surveys^  both  demonstrate  the  RV)st  common  cause  of  pressure  vessel  failure  to  be 
associated  with  the  existence  and  growth  of  cracks.  The  &nith  and  Warv^k  data  (Tables  1-3)  indicate 
that  in  most  cases  cracking  was  associated  %vith  fabrication-induced  defects;  fatigue  cracking  vna 
second  in  importance  atKl  corrosion  assisted  crack  growth  accounted  for  14%.  Cause  of  failure  was 
not  ascertain^  for  28%  of  the  reported  failures  and  it  is  therefore  possible  that  the  true  figures  for  the 
other  causes  may  be  higher  than  suggested  by  Table  2.  Davenport's  survey^  ranked  corrosion  assisted 
crack  growth  as  the  secoiKl  most  comiiu)n  principal  cause  of  failure  after  fatigue. 

Table  4,  due  to  Harrop^  on  the  other  hand,  presents  an  indication  of  the  extent  to  which  design  codes 
currently  address  various  failure  modes.  The  relative  degree  of  coverage  can  be  considered  as  typical 
of  that  associated  with  nuclear  vessels  and  non-nuclear,  unfired  pressure  vessels.  It  is  evident  that 
corrosion-related  processes  are  not  addressed  in  any  depth  despite  their  signihcance  in  terms  of  failure 
mode  as  demonstrated  by  vessel  failure  statistics. 

Corrosion  Considerations  and  Component  Reliability 

The  cost  of  corrosion  to  developed  countries  has  been  estimated*  to  be  about  4%  of  gross  luitional 
product  with  up  to  about  25%  of  this  cost  being  preventable  by  the  application  of  existing  Imowledge. 
A  recent  analysis*  of  over  4(X)  incidents  causing  environmental  harm  has  indicated  that  about  one 
hundred  of  these  fall  into  a  category  defined  as  "mechanical  failure",  which  includes  failure  modes 
such  as  fatigue,  valve  failure  and  corrosion;  five  of  these  are  attributable  to  corrosion’*.  These  various 
surveys*’  indicate  the  potential  for  corrosion  related  processes,  both  in  terms  of  cost  to  industry  and 
in  terms  of  resulting  hazard  to  the  environment.  Failure  statistics  confirm  the  importance  of  corrosion- 
related  processes  as  a  contributor  to  pressure  vessel  failures.  Even  so,  however,  failure  frequencies 
associated  with  corrosion  are  low,  forming  a  subset  of  the  overall  data  from  a  given  survey.  For 
example,  Davenport's*  data  indicate  overall  failure  frequencies  of  about  7.8  x  1(X*  and  43  x  10*  per 
vessel  year  respectively  for  catastrophic  and  non-catastrophic  failures;  the  corresponding  frequencies 
for  failures  associated  with  corrosion  will  be  lower  tlnan  these  v^ues  by  a  factor  of  about  3-4. 
Corrosion-related  processes  are  materials-environmental  interactions  which  can  be  significantly  affected 
by  other  factors,  such  as  stress  or  temperature.  It  could  thus  be  argued  that  the  low  failure  fr^uendes 
associated  with  corrosion  represent  the  d^ee  to  which  adverse  combinations  of  materials, 
environment  and  other  influendng  factors  are  actually  avoided  in  the  design  and  operation  of  such 
vessels.  . 

The  corrosion-related  mechanisms  of  potential  importance  as  regards  integrity  and  reliability  are 
general  corrosion,  pitting  and  environmentally  assisted  cracking  (EAC).  The  two  forms  of  EAC  are 
corrosion  fatigue  and  stress  corrosion  cracking  (SCO.  Vessel  failure  statistics  indicate  that  pressure 
vessel  failure  due  to  general  corrosion,  and  not  involving  crack  growth,  is  a  comparatively  rare  event 
Pitting  in  itself  may  not  hazard  overall  integrity,  but  is  an  insidious  form  of  localised  attack  whidi 
could  lead  to  premature  failure  due  to  leakage.  However,  conditions  conducive  to  pitting  could  also 
be  condudve  to  the  initiation  of  EAC  which  does  pose  a  potential  threat  to  vessel  integrity.  The 
failure  statistics  discussed  in  the  previous  section  indicate  that  between  14%  and  25%  of  recorded 
failures  are  attributable  to  a  corrosion  influence  on  crack  growth.  Significant  achievements  have  been 
made  in  the  understanding  of  corrosion  fatigue  in  both  austenitic  staiidess  steels  and  low  alloy  reactor 
pressure  vessel  steels.  These  achievements  have  largely  been  realised  through  the  collaborative  efforts 
of  the  former  International  Cyclic  Crack  Growth  Rate  Group  (ICCGR),  now  recently  renamed  the 
International  Co-operative  Group  on  Environmentally  Assisted  Cracking  (ICGEACZ),  and  by  the 
contributions  of  individual  members  of  the  Group.  Fatigue  crack  growth  expressions  are  now 
available  for  these  materials  in  both  air  and  in  a  light  water  reactor  environment.  However,  despite 
much  effort  and  progress  in  the  understanding  of  SCC,  again  principally  through  the  work  of  the 
ICGEAC,  a  quantitative  predictive  model  for  this  form  of  EAC  is  not  yet  available. 

The  previous  section  has  shown  that,  in  general,  the  coverage  of  corrosion  processes  by  pressure  vessel 
design  codes  and  standards,  in  relation  to  structural  integrity,  is  fairly  superficial  (see  Table  4). 
Regarding  the  ASME  Boiler  and  Pressure  Vessel  Code,  for  example,  Bernstein”  points  out  that 
protection  against  corrosion-related  failure  modes  is  considered  the  responsibility  of  the  designer,  and 
the  code  provides  nt  specific  guidance  since  environmental  conditions  can  be  so  variable.  BS  BBOO** 
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for  unfired,  fusion  welded  pressure  vessels  places  responsibilily  on  the  purchaser  and  manufactura* 
to  "give  consideration  to  the  likely  effect  which  corrosion  will  have  upon  the  useful  life  of  the  vessel*. 
Guidance  on  stress  corrosion  cracking  is  to  the  effect  that  where  this  may  occur  "consideration  should 
be  given  to  the  materials  used  and  the  residual  stress  in  the  vessel".  Pitting  is  scarcely,  if  ever, 
mentioned. 

It  follows  from  above  that,  with  the  possible  exception  of  corrosion  fatigue,  the  absence  from  design 
codes  and  standards  of  specific  guidelines  or  directives  for  addressing  corrosion-related  mechanisms 
not  only  places  responsibility  upon  the  designer  and/or  user  of  the  component,  but  creates  a  situation 
where  decisions  have  to  be  bas^  upon  knowledge,  judgement  or  experience,  or  a  combination  of  all 
three.  Lessons  learned  from  past  experience  (failure  surveys?)  can  be  of  vital  importance  as  a  basis 
of  decision  making  for  new  plant.  In  the  field  of  corrosion,  organisations  such  as  NACE  and  s)m^x>sia 
such  as  this  provide  effective  means  for  disseminating  the  fruits  of  knowledge  gained  through 
practical  experience.  Siebert,  in  publications  of  this  Association'*'^*,  has  given  numerous  examples  of 
design/manufacturing  decisions  which  have  been  made  where  previous  service  experience  was 
available.  A  selection  of  the  cases  quoted  by  Siebert  is  given  in  Table  5.  More  recently  Bonora'®  has 
repxjrtcd  the  premature  failure  of  longitudinally  welded  carbon-manganese  steel  pipe  for  potable  water 
supply.  Although  other  factors  were  found  to  exert  an  influence,  the  principal  cause  of  failure  was 
ascribed  to  the  use  of  welding  consumables  which  produced  a  longitudinal  weld  deposit  anodic  to 
the  base  material.  The  pipework  was  approximately  six  years  old  and  Bonora  reported  that  the 
principal  of  low  first  cost  prevailed;  the  true  price  was  now  being  paid. 

Other  typical  examples  concern  ships  propellers  and  small  heat  exchangers'*.  In  the  first  of  these 
severe  wastage  was  observed  on  a  manganese  bronze  propeller.  The  problem  was  identified  as 
dezincification  and  was  attributed  to  an  undesirable  microstructure  in  combination  with  a  very  low 
tin  content.  Propellers  of  identical  design  on  a  number  of  similar  ships  were  found  to  be  similariy 
affected  and  for  fte  same  reasons.  The  second  example  concerned  a  number  of  small  heat  exchangers, 
again  operating  in  a  marine  environment  The  general  design  consisted  of  aluminium  brass  tubes 
expanded  into  a  naval  brass  tube  plate.  The  heaters  were  originally  fitted  with  cast  iron  headers 
which  were  lined  internally  to  prevent  wastage  due  to  dissimilar  metal  attack.  Early  local  failure  of 
the  lining  led  to  rapid  perforation  of  some  headers.  The  operators  decided  to  replace  the  cast  iron  by 
a  "better"  material,  and  gun  metal  was  selected.  This  transferred  the  problem  to  the  tube  plates  and 
tubes,  severe  wastage  of  which  was  sustained  by  the  modified  units  after  about  one  year.  The  gim 
metal  headers  remained  in  good  condition!  The  suggested  solution  was  to  refit  unlined  cast  iron 
headers  and  to  implement  a  policy  of  planned  inspection  and  replacement. 

The  feature  common  to  all  of  the  above  examples  is  that  most,  if  not  all,  could  have  been  avoided  by 
the  application  of  knowledge  which  not  only  existed,  but  was  readily  available.  However,  the  most 
classic  example  of  all  has  to  be  the  case  quoted  by  Siebert'*  of  a  minesweeper  built  during  World  War 
II.  The  ship  was  constructed  from  stainless  steel  to  exploit  the  non-magnetic  properties  of  that 
material,  and  the  vessel  was  of  welded  construction.  Siebert'*  reports  that  the  ship  failed  by  chloride 
see  during  its  shakedown  cruise.  Regrettably,  Siebert  gave  no  reference  for  his  source  document 
Where  is  it  now?  What  other  lessons  are  to  be  found  within  its  covers  and  at  what  cost  will  these 
lessons  be  relearned?  What  other  examples  of  failures  which  should  never  have  happened  will  be 
reported  at  this  Congress? 


Looking  Ahead 

The  third  UK  survey*  recorded  229  failures  from  a  population  of  20,000  Gass  1  vessels  covering  about 
310,0(X)  vessel  years  operation  during  the  period  1962  -  78.  The  fourth  survey*  has  yielded  92  recorded 
failures  from  a  wider  range  of  pressure  vessels,  covering  360,000  vessels  and  1.8  million  vessel  years 
during  the  period  1983  -  88.  Although  these  two  surveys  are  not  comparing  like  with  like,  the  data 
do  nevertheless  suggest  that  lessons  are  being  learned  from  past  experience.  The  reduction  in  the 
number  of  failures  between  these  two  surveys  is  likely  to  be  associated  with  improvements  in  both 
manufacturing  methods  and  non-destructive  examination  techniques  coupled  with  better  standards 
covering  both  materials  and  design. 
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Estimates'  of  the  cost  of  corrosion  to  developed  countries  serve  to  highlight  the  potential  for  corrosion- 
related  failures.  Against  this,  the  probability  of  failure  of  fairly  high  integrity  pressure  vessds  due 
to  corrosion-related  mechanisms  is  quite  low.  SiiKe  the  treatment  of  corrosicm  -  related  degradation 
mechanisms  by  most  design  codes  is  at  best  superficial,  consideration  of  such  medtanisms  during  the 
design  phase,  and  indeed  throughout  the  service  life  of  the  component,  has  to  be  based  to  a  large 
degree  upon  knowledge,  judgement  or  experience,  or  a  combination  of  all  of  these.  Whilst  various 
surveys  estimate*  that  up  to  25%  of  the  cost  of  corrosion  could  be  prevented  by  the  application  of 
existing  knowledge,  recorded  case  histories  tend  to  support  the  view  that  lessons  are  hard  learned  as 
regards  corrosion.  With  regard  to  the  theme  of  this  Congress  experience  tends  to  demonstrate  that 
the  lowest  first-cost  option  is  invariably  the  worst  choice  in  relation  to  long-term  operaticmal  reliaUlity, 
especially  as  regards  time-dependent  degradation  mechanisms;  on  the  other  hand,  the  high  technology, 
high  cost  option  is  not  always  the  best.  Elliott*^  claims  that  only  about  half  of  die  agreed  information 
on  failures  reaches  designers,  whilst  contractors  may  only  receive  about  10%.  There  tha«fore 
continues  to  be  tremendous  scope  for  improvement  in  the  gathering,  recording  and  communication 
of  relevant  information.  However,  in  terms  of  failure  modes  these  account  for  a  significant  proportion 
of  the  recorded  failures. 

Of  the  various  corrosion  mechanisms  affecting  structural  integrity  and  conrqx>nent  reliability  general 
corrosion  appears  of  least  concern.  Pressure  vessel  failure  due  to  geiteral  corrosion,  and  wtdch  is  iwt 
associated  with  crack  growth,  is  a  comparatively  rare  event,  and  there  are  a  number  of  mitigating 
factors  which  might  offset  any  reduction  in  pressure  boundary  duckness  resulting  from  general 
corrosion'.  Although  pitting  in  itself  may  not  hazard  component  integrity,  leakage  of  the  vessel  will 
obviously  affect  both  reliability  and  availability.  More  especially,  however,  conditions  favourable  fOT 
the  initiation  of  pitting  may  also  be  conducive  to  the  initiation  of  EAC,  either  through  corrosion 
fatigue  or  as  SCC,  with  the  pits  forming  preferential  sites  for  EAC  initiation'*’'*.  Iiutiation  of  EAC  does 
pose  a  potential  threat  to  component  integrity.  No  validated,  quantitative  predictive  methodology  for 
pitting  is  yet  available.  With  regard  to  the  corrc»ion  fatigue  of  austenitic  stainless  steels  and  low  alloy 
ferritic  steels  exposed  to  a  light  water  reactor  environment,  the  principal  factors  affecting  corrosion 
fatigue  crack  growth  rates  are  now  quite  well  understood;  the  general  quality  of  published  data  and 
level  of  mechanistic  understanding  is  now  such  that  reasonable  calculations  of  corrosion  fatigue  crack 
growth  can  be  performed  for  life  prediction  or  safety  justification  purposes,  and  for  defining  inspection 
intervals.  A  good  foundation  thus  exists  upon  which  to  base  test  programmes  for  studying  corrosion 
fatigue  crack  growth  in  other  materials  exposed  to  other  environments.  The  notable  success  achieved 
by  the  ICGEAC  for  RPV  materials  demonstrates  the  value  of  collaboration  at  both  national  and 
international  level  in  addressing  and  resolving  problems  of  common  interest. 

Despite  considerable  recent  achievements  in  understaiuling  the  factors  affecting  SCC  behaviour  of 
austenitic  stainless  steels  and  low  alloy  steels  in  an  aqueous  environment,  a  quantitative  predictive 
model  for  SCC  is,  as  is  the  case  for  pitting,  not  yet  available.  Of  these  various  corrosion  mechanisms 
pitting  and  SCC  are,  therefore,  arguably  the  most  difficult  to  address  with  respect  to  component 
intcj^  ■  ;ty  and  reliability. 

Recognising  the  shortcomings  of  vessel  design  codes  as  regards  corrosion-related  mechanisms,  and 
pending  the  development  and  validation  of  quantitative  predictive  methodologies  for  pitting  and  SCC, 
it  seems  reasonable  to  suppose  that,  for  the  foreseeable  future,  demonstration  of  component  integrity 
and  reliability  will  depend  upon  more  pragmatic  approaches.  Such  approaches  are  Ukely  to  involve 
judgement,  corrosion  monitoring  and  surveillance,  and  appropriate  programmes  of  in-service 
inspection.  These  are  discussed  below. 

Judgement-Based  Decisions  Which  Depend  Upon  Experience 

Observations  of  plant/component  behaviour  provide  the  experience  which  forms  the  basis  of 
judgement.  Predictive  models  and  methodologies  must  in  turn  reflect  plant  observations.  Plateau 
stress  corrosion  crack  growth  rates  for  low  alloy  steels  published  in  the  open  literature**’*'  cannot 
support  a  viable  inspection  interval  and  these  rates  would,  if  sustained,  lead  to  failure  in  very  short 
timescales.  Such  data  would  imply  a  high  frequency  of  pressure  vessel  failures  due  to  stress  corrosion 
cracking;  this  is  not  supported  by  available  failure  statistics*’*.  Similar  observations  apply  in  the  case 
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of  gas  transmission  pipelines  where  field  experience  does  not  reflect  the  implications  which  could  be 
drawn  from  the  high  SCC  growth  rates  measured  in  the  laboratory  testing  of  pre<rad(ed 
specimens^.  Such  observations  from  operating  experience  strongly  suggest  that  high  XC  growdi 
rates  are  not  continuously  sustained,  and  support  the  concept  of  an  incubation  period  and/or  period 
of  "time  at  risk".  Although,  based  primarily  on  pipeline  steels,  further  developn^nt  of  the  model 
proposed  by  Parkins^  would  appear  to  hold  promise,  particularly  for  the  life  prediction/safety 
assessment  of  ageing  vessels.  For  these  the  application  of  SCC  growth  rates  derived  from  pre-cracked 
specimens  would  be  unlikely  to  sustain  a  satisfactory  safety  justification.  Likewise,  studies  aimed  at 
clarifying  the  factors  affecting  time  at  risk  would  appear  of  value  as  well  as  of  relevance  to  model 
development. 

Corrosion  Monitoring  and  Surveillance 

It  is  generally  accepted  that  three  criteria  must  be  simultaneously  satisfied  for  SCC  to  occur,  ie  the  co¬ 
existence  of  a  susceptible  microstructure,  a  source  of  tensile  stress  and  an  aggressive  environment. 
For  most  welded  vessels  and  components,  and  especially  for  older  plant,  the  Brst  two  of  these  criteria 
arc  likely  to  be  satisfied  to  some  degree  and  cannot  be  controlled.  In  general  it  is  only  possible  to 
exercise  control  over  the  environment. 

Dawson^*  has  recently  reviewed  a  number  of  the  techniques  available  for  corrosion  monitoring  and 
surveillance  purposes.  The  key  role  of  electrochemical  potential  (ECP)  in  relation  to  boith  pitting  and 
SCC  is  now  well  established,  as  is  the  importance  of  oxygen  in  raising  ECP  in  an  aqueous 
environment^.  It  is  equally  known  that  the  propensity  of  steel  to  both  pitting  and  SCC  can  be 
markedly  influenced  by  the  type  and  distribution  of  manganese  sulphide  non-metallic 
inclusions^-^^^-^.  The  concept  of  "active"  and  "inactive"  inclusions  is  not  new,  and  the  presence  of 
"active"  non-metallic  inclusions  in  ferritic  steels  has  been  correlated  with  an  increased  propensity  to 
pitting  in  an  aqueous  environment”.  There  is  no  evidence  to  suggest  that  dissolution  of  soluble 
"active"  inclusions  will  be  prevented  by  maintaining  a  low  ECP  through  control  of  water  chemistry. 
This  therefore  raises  the  possibility  of  pit  initiation  under  conditions  of  low  ECP.  Since  IcKal 
environmental  conditions  within  a  pit  may  differ  substantially  from  bulk  water  chemistry,  will 
maintenance  of  a  low  ECP  via  control  of  bulk  chemistry  be  able  to  inhibit  further  pitting  and  initiation 
of  SCC?  The  more  "active"  behaviour  observed  in  laboratory  tests  has  been  asscKiated  with  sub¬ 
micron  size  inclusions”;  on  the  other  hand,  in  terms  of  their  influence  on  environmentally  assisted 
cracking  large  manganese  sulphide  inclusions  generally  enhance  crack  growth  rates,  whereas  materials 
containing  small  spherical  inclusions  are  less  susceptible”.  There  would  thus  appear  to  be  scope  for 
further  work  to  attempt  to  clarify  the  role  of  inclusions,  particularly  during  the  early  stages  of  pit 
development  and  initiation  of  SCC.  In  addition  to  a  quantitative,  predictive  model  for  "bving  with 
SCC",  there  seems  need  for  a  similar  methodology  for  "living  with  pitting". 

In-Service  Inspection 

In-service  inspection  progranunes  musr  consider  the  items  to  be  inspected  and  the  inspection  interval. 
As  regards  item  selection,  two  categories  can  be  identified  depending  upon  the  purpose  of  the 
inspection.  The  first  category  covers  those  itcm'=  which  have  to  be  inspected  on  a  tedmical  needs 
basis,  as  identified  either  by,  say,  fatigue  crack  gtov’ch  and  fracture  analysis,  or  on  the  basis  of  known 
operational  problems.  The  second  category  covers  those  components  which  are  subject  to  in-service 
inspection  to  validate  the  design  intent  and  to  verify  the  absence  of  unexpected  or  unanticipated 
failure  mechanisms.  The  large  number  of  components  of  this  second  category  which  can  exist  in 
complex  plant  creates  difficulties  both  in  the  selection  of  items  for  inspection  and  in  defining  a  suitable 
inspection  interval;  for  many  years  selection  of  such  items  has  been  based  on  judgement.  Whilst  this 
approach  has  withstood  the  test  of  time,  with  arguable  success,  the  overall  benefits  of  inspections 
carried  out  on  this  basis,  in  terms  of  plant  reliability  and  risks  assc'^iated  with  operation  are  difficult, 
if  not  impossible,  to  quantify.  In  more  recent  times  great  mtcrest  has  been  shown  in  the  use  a  risk- 
based  approach  for  the  selection  of  items  in  thi&  category.  Further  details  of  this  approach  are 

presented  elsewhere^'^’’^.  In  essence  the  approach  subdivides  a  plant  or  component  into  a  number 
of  sub-items  and  attempts  to  rank  these  in  decreasing  order  of  risk  resulting  from  failure  of  the  sub- 
item.  Item  selection  for  inspection  purposes  is  then  focused  on  those  which  make  the  greatest 


contributions  to  overall  risk.  The  measure  of  risk  associated  with  each  item  is  die  [product  of  its 
probability  of  failure  and  a  parameter  defining  the  consequence  of  failure.  This  approadi  is  still  at 
a  comparatively  early  stage  of  development  and  there  are  a  number  of  identifiable  difficulties  and 
disadvantages.  Firstly,  there  must  exist  an  overall  risk  criterion  against  whidt  the  output  of  die 
approach  can  be  assessed,  and  below  this  there  has  to  be  an  identifiable  consequ^ice  of  failure  of  the 
item  or  component.  Secondly,  application  of  the  approach  demands  an  input  of  component  failure 
or  item  failure  probability,  lliis  information  can  only  come  from  failure  statistics  or  from 
mathematical  models.  The  latter  can  only  at  present  deal  with  systematic  defects,  such  as  fatigue  cradi 
growth,  and  cannot  at  present  address  SCC.  Moreover,  such  modds  are  difficult  to  validate. 
Confidence  in  their  use  can  only  be  built  up  by  a  feed-back  loop  of  plant  inspection  information,  and 
this  will  take  time.  For  many  engineering  components  and  structures,  on  the  other  hand,  the  failures 
database  is  at  present  too  restricted  in  terms  of  operating  time  to  give  anything  other  than  a  Qualitative 
indication  of  failure  frequency.  A  potential  limitation  is,  therefore,  that  some  failure  probabilities  thus 
obtained  may  be  assigned  a  quantitative  significance  which  is  difficult  to  justify.  Nevertiieless,  if 
applied  in  a  qualitative  manner  for  ranking  purposes,  the  risk-based  approach  often  possesses  certiun 
attractions.  By  offering  a  means  of  ranking  tesed  upon  contribution  to  risk,  the  element  of  judgement 
can  be  reduced  and  available  resources  directed  to  those  items  or  components  where  inspection  will 
demonstrate  the  greatest  benefits  in  terms  of  reduced  risk.  There  is  current  interest  in  the  approadi 
for  a  number  of  applications  including  nuclear  and  non-nuclear  power  plant  and  for  dvil  engineering, 
marine  and  aircraft  structures”. 

The  question  of  inspection  interval  remains.  In  the  absence  of  quantitative  predictive  models  for 
pitting  and  SCC,  definition  of  inspection  intervals  for  components  or  items  of  either  inspection 
category  must  for  the  present  remain  latgely  judgement  based.  This  will  continue  to  depend  upon 
the  operational  experience  feed-back  information  loop,  supplemented  by  progress  in  understanding 
of  the  mechanisms  as  provided  by  the  results  of  continuing  research  and  development  programmes. 
The  former  again  underlines  the  importance  attached  to  the  gathering  and  dissemination  of 
information,  and  the  latter  leads  on  to  the  issue  of  quality  assurance  in  research  activities.  This  is  a 
topic  for  debate  in  its  own  right  which  hopefully  will  be  addressed  dsewhere  during  the  course  of 
this  Congress. 


Concluding  Remarks 

This  paper  has  sought  to  highlight  the  value  of  information  obtainable  from  component  failure 
statistics.  Corrosion-related  degradation  mechanisms  are  not  particularly  well  addres^  in  pressure 
vessel  design  codes  and  standards,  despite  the  fact  that  such  mechanisms  accoimt  for  a  significant 
proportion  of  pressure  vessel  failures.  In  the  absence  of  specific  guidelines  or  directives,  decisions 
affecting  integrity  and  reliability  must  be  based  upon  kmwledge,  judgement  or  experience,  or  a 
combination  of  these.  The  high  potential  for  corrosion-related  failures,  and  the  savings  bdieved 
achievable  through  the  application  of  existing  knowledge,  place  importance  on  the  collection  and 
dissemination  of  information  to  assist  the  decision  making  process.  Feed-badc  of  operational 
experience,  as  illustrated  by  examples  in  the  text,  demonstrates  there  is  scope  for  improvement  in  this 
area. 

Pitting  and  SCC  arc  perceived  to  be  the  more  important  corrosion-assisted  mechanisms  as  regards 
integrity  and  reliability.  Predictive  models  for  these  are  not  yet  available.  Plateau  stress  corrosion 
crack  growth  rates  available  from  the  open  literature  cannot  support  a  viable  inspection  interval  and 
would,  if  sustained,  lead  to  failure  in  short  timescales.  Such  data  would  imply  a  high  frequency  of 
SCC  type  failure  of  pressure  vessels  which  is  not  borne  out  by  vessel  failure  statistics. 

Pending  the  development  of  predictive  models  for  pitting  and  SCC,  which  must  be  capable  of 
reconciliation  with  plant  observations,  the  paper  suggests  that,  for  the  foreseeable  future, 
demonstration  of  integrity  and  reliability  will  continue  to  depend  upon  a  more  pragmatic  approach. 
Once  again  judgement,  along  with  control  of  environment  and  in-service  inspection  will  all  play  k^ 
roles.  The  paper  highlights  the  importance  of  continuing  research  to  improve  understanding  of  the 
various  combinations  of  factors  which  can  lead  to  a  vulnerable  situation.  For  safety  justification  or 
life  prediction  purposes  the  Safety  Assessor  seeks  assurance  that  such  conditions  have  been  and  will 
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be  avoided.  Finally,  an  outline  is  given  of  some  current  devdopmoits  in  the  Adds  of  chemistry 
control  and  in-service  inspection,  and  the  paper  highlights  some-possible  implications  associated  widi 
the  application  of  ttiese  approaches. 

A  number  of  die  topics  addressed  in  this  paper  will  hopefully  form  the  sul^ects  of  other  preamtations 
to  this  C  ingress. 
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Distribution  of  Pressure  Vessel  Failures  by  Cause  •  From  third  UK  Survey’ 


Cause  of  Failure 

No  of  Cases 

% 

Crack  Propagatitm 

216 

94 

Defects  Eidsting  Prior  to  Commissioning 

5 

2 

Corrosion 

1 

Mal-operation 

3 

4 

Creep 

3 

Not  ascertained 

1 

229 

100 

Table  2 


Distribution  of  Causes  by  Failure  Due  to  Cracking  -  From  Third  UK  Survey* 


Cause 

No  of  Cases 

% 

Fatigue 

52 

24 

Corrosion 

30 

14 

Defects  Existing  Prior  to  Service 

63 

29 

Not  Ascertained 

61 

28 

Miscellaneous  (Creep,  Mal-operation  etc) 

10 

5 

216 

100 

Table  3 


Method  by  which  Failure  Detected  -  From  Third  UK  Survey* 


Cause 

No  of  Cases 

% 

Visual  Inspection 

88 

38 

Non-Destructive  Examination 

49 

21 

Leakage 

76 

33 

Hydro  Test 

3 

2 

Catastrophic  (In-service) 

13 

6 

229 

100 

Table  4 

Modes  of  Failure  and  How  Design  Codes  Deal  With  Them  -  From  Harrop^ 


MODE  OF  FAILURE 

CONSIDERED  IN  DESIGN  CODES 

1  Bursting  due  to  plastic  rupture  of  shell 

wall  or  ductile  tearing  at  a 
discontinuity 

Very  well-historically  the  Brst  mode  of  failure 
dealt  with  by  design  codes 

2  Fatigue 

Quite  wdl.  Usually  based  cm  S-N  data.  But 
eg  ASME  VIU  Div  1  rardy  requires  a  fatigue 
assessment 

3  Brittle  fracture 

To  some  extent.  Usually  by  requirirtg 
material  to  pass  some  sort  of  impact  test 

4  Corrosion  fatigue  or  stress  corrosion 

Hardly  at  all 

5  Creep  rupture 

For  special  applications 

6  Ductile  fracture 

Not  at  all 

Table  5 

Some  Examples  From  Practice  -  From  Seibert**’” 

•  A  salt  crystalliscr  tank  made  of  wood  was  replaced  after  20  years  service  by  a  carbon  steel 
tank  lined  with  thin  AlSl  304  stainless  steel  sheet.  Rapid  failure  of  the  replacement  occurred 
due  to  see  at  spot  and  seam  welds  in  the  stairdess  steel. 

•  A  20  year  old  rubber-lined  hydrofluoric  add  tank  was  replaced  a  fibre  reinforced  plastic 
vessel  having  a  lining  whose  integrity  was  critical  to  the  overall  vessel  integrity.  The  vessel 
failed  catastrophically  within  one  year.  The  rejdacement  was  a  rubber-lined  steel  vessel. 

•  A  lead-lined  wooden  tank  installed  in  the  1860's  after  a  century  of  service  as  a  sulfdiuric 
add /zinc  chloride  mix  tank.  A  replaconent  in  kirrd  was  not  acceptable. 

•  A  submarine  design  spedfied  Monel  laundiing  tubes  for  aluminium  torpedoes,  creating  a  very 
active  dissimilar  metal  battery  with  the  alumirdum  as  the  aruxie. 

•  A  plumbing  system  was  made  from  low  carbon  steel  pipe  coupled  to  copper  {dpe  via  a 
ceramic  insulating  joint  to  avoid  bimetallic  contad.  Metal  brackets  attadred  the  pipework  to 
the  wall  which  was  made  of  sheet  metal,  thus  shorting-out  the  insulating  joint 
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Queensland  4172  Australia 


Abstract 

This  paper  gives  an  overview  of  the  technological  management  of 
corrosion  in  the  power  industry.  The  impact  of  corrosion  on  power 
generation  economics  is  significantly  large  that  correct 
management  of  it  is  a  necessity. 

Of  major  importance  is  that  continuing  cooperation  occurs  between 
scientists,  engineers  and  plant  operators  to  master  ways  of 
achieving  high  availability  with  low  maintenance  in  the  control 
and  prevention  of  corrosion.  The  North  American  Association  of 
Engineers  (MACE)  have  now  recognised  the  importance  of  combining 
corrosion  science  with  engineering  in  solving  materials 
degradation  problems  (Materials  Performance  July  Viewpoint  1991) . 

In  most  cases  the  prediction  of  corrosion  behaviour  is  difficult 
as  plant  corrosion  failures  are  multi-dimensional  problems  which 
are  complicated  by  mechanistic  changes,  e.g.  from  passivity  to 
active  corrosion  or  pitting.  An  incorrect  assessment  could  lead 
to  premature  failures  or  conservative  action  with  associated 
additional  cost. 
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Introduction 


The  realisation  that  corrosion  is  a  process  (dynamic)  and  not  a 
property  (static)  is  fundamental  to  the  management  of  corrosion. 
Corrosion  control  methods  are  numerous  and  have  different  costs 
and  long  term  consequences.  Hence  the  effective  and  efficient 
control  of  corrosion  requires  a  strategic  planning  approach^ 
which  encapsulates  for  the  methodology  the  following, 

(1)  thorough  analysis  and  assessment, 

(2)  the  ability  to  change  or  modify  to  ensure  the  long 
term  survival  of  materials,  and 

(3)  a  certainty  of  performance  with  cost  effectiveness. 

Strategic  planning^  is  therefore  ideally  suited  to  address  the 
long  term  effects  of  plant  corrosion  damage.  The  emphasis  is 
being  proactive  rather  than  reactive  to  corrosion  problems. 

Economics 

Economics  and  materials  reliability  are  a  contrariety.  A 
indication  of  this  linkage  is  that  thtv  electricity  production 
costs  of  a  power  plant  and  component  failure  modes  versus 
operating  time,  generally  follow  a  broad  U-shaped  or  bathtub 
curve.  Conversely  the  cash  flow  and  availability  arising  from  a 
plant  is  the  inverse  of  the  bath  tub  curve.  Corrosion  control 
technology  and  expenditure  must  be  balanced  to  achieve  a  cost 
effective  solution  and  a  low  risk  of  component  failure*. 

Costs  associated  with  corrosion  control  are  not  always  evident 
and  directly  accountable.  In  general  the  replacement  costs 
incurred  by  a  corroded  part  may  mot  be  trivial  when  the  indirect 
costs  are  considered*. 

Dillon’  has  outlined  the  methods  for  economic  evaluation  of 
corrosion  control  measures  both  before  and  after  implementation. 
It  is  considered  that  economic  evaluation  for  corrosion  control 
can  be  applied  effectively  to  decisions  involving  items  or 
projects  of  different  costs  and  different  lifetimes. 

Edeleanu  and  Hines*  have  suggested  that  at  the  design  stage  of  a 
plant  corrosion  costs  arise  from  uncertainty  and  there  must  be 
available  means  to  avoid  this  uncertainty.  Their  conclusion  was 
the  collective  use  of  various  corrosion  management  subfunctions 
which  will  be  discussed  individually  below. 

Corrosion  Control 


Definition 

The  suggested  definition  of  corrosion  control  is  the  regulation 
of  the  corrosion  reaction  so  that  the  physical  and  mechanical 
properties  of  the  metal  are  preserved  during  the  anticipated  life 
of  the  plant. 

The  enormous  scope  of  corrosion  control  methods  requires  both 
decision  making  and  problem  solving.  Thus  the  term  control,  used 
universally  in  a  corrosion  context  is  considered  to  be  synonymous 
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with  aanagenent. 


Corrosion  control  can  be  effectual  at  the  design,  operation,  and 
maintenance  stages  during  the  lifetime  of  a  plant.  Figure  1  is 
a  schematic  of  these  periods  and  their  relationship  to  the 
principal  parameters  responsible  for  corrosion,  i.e.  environment, 
material  and  thermo-mechanical  stress^. 

Methods 

The  practical  methods  of  corrosion  control*  are  given  in  Table  1. 
A  single  or  a  combination  of  methods  can  be  used.  On  pipelines 
for  example  both  cathodic  protection  and  coatings  are  used  as  the 
corrosion  control  method. 

Assessment 

To  assess  plant  corrosion  control  a  structured  approach  is 
initially  required.  The  concept  by  Sommm  et  al.*  for  (1)  local 
(2)  component  and  (3)  systems  approaches  is  considered  the  most 
applicable. 

Approach  (3)  with  the  knowledge  derived  from  approaches  (1)  and 
(2)  can  be  considered  the  basis  of  mastering  power  plant 
corrosion  and  achieving  high  plant 
availability. 

A  "local  approach"  investigates  corrosion  mechanisms  at  a 
fundamental  level  to  understand  the  electrochemical  and  chemical 
environments  which  will  initiate  localised  corrosion. 

These  investigations  are  undertaken  in  a  laboratory  with 
attempted  simulation  of  the  plant  conditions.  An  example  of  the 
local  approach  for  corrosion  control  of  condenser  tubing  has  been 
given  by  Flitt  and  Spero’. 

The  "component  approach"  is  the  investigation  of  specific  plant 
components  which  encounter  corrosion  due  to  operational  and 
environment  conditions^® . 

The  "systems  approach"  considers  the  plant  as  a  series  of 
discrete  entities  each  made  up  of  various  individual  components. 
A  combination  of  the  local  and  component  outcomes  are  required 
initially  to  establish  the  systems  approach. 

In  the  power  industry  "water  chemistry"  is  an  example  of  a 
systems  approach.  Maintaining  the  environment  of  the  water /steam 
cycle  controls  the  corrosion  of  a  series  of  components  in  unison, 
which  Individually  may  suffer  specific  localised  attack. 

Figure  2  is  a  simplistic  schematic  of  the  water/steam  cycle 
indicating  the  major  components  which  define  the  system  and  their 
relative  location.  Corrosion  management  is  mechanistically 
obtained  by  the  maintenance  of  stable  self  inhibiting  magnetite 
by  the  management  of  cycle  water  chemistry. 

Figure  3  depicts  a  block  diagram  of  the  nine  components 
comprising  the  water /steam  system  totally  boiinded  by  a  systems 
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box.  Each  component  has  specific  localised  corrosion  mechanistic 
attributes.  The  localised  approach  for  condensers  has  been 
expanded  in  the  right  hand  side  of  Figure  3  to  indicate  the 
probable  mechanisms  that  can  be  responsible  for  corrosion  damage. 

The  assessment  of  a  corrosion  control  methodology  will  follow 
four  distinct  phases  during  the  lifetime  of  the  plant  and  use  the 
approaches  discussed  above.  The  four  phases  which  are  given  in 
Figure  4  and  are  listed  below. 

(1)  Plant  and  Process  Design 

( 2 )  Equipment  Fabrication 

( 3 )  Construction 

( 4 )  Operation 


Corrosion  Manag^ent  Subfunctions 

In  the  actual  practise  of  corrosion  control  there  are  management 
subfunctions  that  all  have  an  important  role.  These  subfunctions 
are  listed  adjacent  the  phases  of  corrosion  control  in  Figure  4. 
Each  subfunction,  discussed  further  below,  can  be  a  contributor 
to  or  have  direct  involvement  on  the  four  plant  lifetime  phases. 

Hence  as  discussed  in  the  introduction  a  strategic  management 
approach  to  corrosion  control,  by  integrating  the  subfunctions, 
gives  the  required  holistic  perspective  and  avoids  any 
fragmentation  of  effort. 

Corrosion  Maintenance 

Associated  periodically  with  the  operation  phase  is  maintenance 
which  can  be  either,  preventive  or  corrective. 

Maintenance  is  usually  based  on  factors  such  as  wear  and 
lubrication  problems  of  rotating  machinery  and  not  specifically 
corrosion.  The  usual  practise  is  to  shut  down  the  plant  and 
disassemble  components  which  allows  at  the  same  time  inspection 
and  monitoring  of  corrosion  damage. 

Corrosion  maintenance  procedures  are  established  from  the  correct 
interpretation  of  data  and  information  gained  from  on  and 
off-line  corrosion  inspection  and  monitoring. 

Corrosion  Reliability 

Reliability  of  engineering  materials  (or  the  probability  of 
failure)  is  a  relative  new  practice  that  has  evolved  from  the 
application  of  reliability  engineering  to  materials  science.  The 
two  approaches  used  are  phenomenological  and  mechanistic^^. 

The  phenomenological  approach  is  the  recording  of  events,  for 
example  pit  depths  in  heat  exchanger  tubing  and  evaluation  of  the 
data  in  terms  of  statistical  models^”. 

The  mechanistic  approach  has  an  analytical  emphasis  and  is  linked 
to  methods  of  design,  lifetime  prediction,  and  failure  analysis. 
Turpin  et  al.“  have  demonstrated  the  value  of  statistical 
approaches  for  assessment  of  high  impact  industrial  corrosion 
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problems . 


Component  corrosion  reliability  (adapted  from  systems 
reliability)  is  a  dynamic  characteristic  which  results  from 
statistical  interference  in  space  and  time,  between  a  component 
being  able  to  perform,  and  the  required  operational  durability. 
The  corrosion  process  is  modelled  with  stochastic  methods^^. 

The  interference  hence  occurs  between  probability  distributions 
for  an  operational  characteristic  of  the  corrosion  process  (pit 
depth,  stress  intensity  or,  crack  length)  and  the  operational 
limits  (component  thickness  or  strength)^*. 

Failure  Analysis 

Failure  analysis  is  the  technique  for  gathering  and  evaluating 
facts  to  establish  the  cause  of  premature  corrosion  failure  of 
a  plant  component  or  part.  This  may  not  directly  solve  problems. 

Hence  the  common  view  is  that  failure  analysis  is  only  a 
corrective  technique.  This  opinion  is  not  mindful  that  valuable 
information  and  knowledge  can  be  generated  which  assists 
corrosion  management  in  regard  to  failure  prevention  or 
reliability. 

Corrosion  failure  analysis  uses  metallography  to  assess  the 
corroded  metal  microstructure  and  define  the  form  of  corrosion 
damage.  Fractography  which  is  a  function  of  metallography  is 
required  to  investigate  cracking  failures  (stress  corrosion 
cracking,  corrosion  fatigue)  and  high  temperature  corrosion. 

A  review  of  failure  analysis  by  Siebert^®  has  indicated  that 
effective  implementation  can  only  occur  if  hands-on  and 
application  experience  of  the  industry  are  present.  The  output 
of  university  based  or  commercial  testing 

Corrosion  Monitoring 

Corrosion  monitoring  can  be  defined  as  the  systematic  measurement 
of  the  corrosion  or  degradation  of  an  equipment  item  with  the 
objective  of  assisting  the  understanding  of  the  corrosion  process 
and/or  obtaining  information  for  use  in  controlling  corrosion  and 
its  consequences*®. 

The  intent  from  this  definition  is  to  create  a  feed-back  loop 
consisting  of  change,  observation,  and  diagnosis.  Figure  5 
represents  this  relationship  with  the  association  of  corrosion 
control  methodology,  processes  and  monitoring.  The  corrosion 
process  must  have  a  cause  and  effect. 

A  corrosion  monitoring  method  is  any  plant  based  technique  that 
provides  an  assessment  of  equipment  condition  or  an  evaluation 
of  the  corrosivity  of  the  environment.  Table  2  gives  a  listing 
of  the  commonly  used  corrosion  monitoring  techniques. 

Corrosion  monitoring  is  undertaken  for  the  following  reasons. 

(1)  Corrodent  characteristics  changes 
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(2)  Materials  corrosivity  changes 

(3)  Unanticipated  operational  conditions  develop 

(4)  Unknown  corrosion  processes  may  occur 

(5)  Verification  of  control  methods 

Britton  and  Tofield^'’  have  conducted  two  industry  surveys  in  the 
UK  to  ascertain  the  effectiveness  of  corrosion  monitoring.  Their 
findings  indicated  that  more  awareness  was  present  of  the 
benefits  of  corrosion  monitoring  and  that  programs  should  be 
incorporated  at  the  plant  design  stage.  Cost  was  considered  to 
be  the  major  factor  when  considering  on-line  corrosion 
monitoring.  The  reliability  of  equipment,  and  the  cost  of 
installation  and  cabling,  are  factors  limiting  the  usage  of 
on-line  monitoring. 

Additional  information  on  corrosion  monitoring  can  be  found  in 
the  books  edited  by  Moran  and  Labine*^*  and  Wanklyn'*. 

Information  Technology 

The  deficiency  of  effective  communication  of  materials 
degradation  causes  and  resultant  effects,  within  an  organisation, 
can  have  serious  consequences.  Corrosion  control  can  only  be 
effective  and  timely  if  information  is  acquired,  processed,  and 
communicated  efficiently.  Hence  information  technology  is  an 
important  role  to  play  in  the  management  of  corrosion. 

Computer  usage  for  corrosion  control  and  monitoring  has  been 
reviewed  by  Haroun  et  al.^.  The  authors  have  considered  the 
computer  can  be  used  successfully  for  corrosion,  rate  evaluation, 
monitoring,  and  process  modelling.  The  most  efficient  method  for 
the  storage  and  retrieval  of  information  is  a  computer  corrosion 
database  system. 

Corrosion  information  suitable  for  databases  can  be  developed 
from  theoretical  studies,  laboratory  standard  tests,  and  plant 
experience.  It  is  important  to  understand  that  standard  tests  are 
only  acceptance  tests  to  determine  if  a  metal  has  the  required 
corrosion  resistance  within  the  compositional  specif ication". 

Source  material  can  be  provided  from  the  open  literature,  and 
individuals.  Standards  are  an  important  information  source  for 
corrosion  control  as  they  are  needed  to  assure  that  materials 
meet  mechanical,  physical  and  chemical  properties  required.  They 
are  prepared  as  specifications,  test  methods,  recommended 
practices ,  and  codes . 

Corrosion  Knowledge 

Corrosion  knowledge  is  required  by  an  individual  to  solve  plant 
problems.  Problem  solving  is  made  possible  by  using  experience 
and  an  understanding  of  corrosion.  Experience  is  a  collection  of 
data,  observations,  and  rules  needed  to  problem  solve. 
Understanding  for  this  situation  is  the  theoretical  basis  of 
corrosion  knowledge. 

Expert  systems  are  now  being  considered  as  serious  practical 
tools  for  providing  corrosion  problem  solving  knowledge.  An 
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example  is  ESCARTA"  developed  by  EPRI  as  an  expert 
trouble-shooter  for  boiler  tube  failures. 

Hines  and  Basden"  have  given  an  introduction  to  introducing 
expert  systems  and  mathematical  modelling  to  provide  corrosion 
control  problem  solving.  The  authors  have  concluded  that  these 
approaches  are  complementary  rather  then  completetive . 

Conclusions 

For  the  management  of  corrosion  to  be  effective  it  must  be 
strategically  planned  to  return  maximum  efficiency  and  costs 
savings.  Corrosion  technology  management  is  hence  a  combination 
of  analysis,  judgement,  experience,  and  synthesis.  These  actions 
are  incorporated  in  the  integrated  use  of  the  seven  corrosion 
management  subf unctions. 

Importantly  the  strategic  approach  to  corrosion  will  ensure  the 
long  term  survival  of  plant.  The  participants  involved  with 
corrosion  control  must  have  a  holistic  perspective  as  all 
practices  are  linked  together  to  achieve  long  term  plant 
availability. 
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Table  1:  Corrosion  Control 
Methods  and  Examples 


Table  2:  Corrosion 
Monitoring  Methods 


Mthode 

Comments 

Elaciroetianticol 

Camaion  Potmtiol 
Potailiaiion  Rniatiinc* 
ImuauoiK*  0Ml<«nnnU 
Cunant/Potanlial  Mob* 

Contimiau*  rool  tim* 

On  Una  eoiroaion  rata 
Davatopniantol 

Cenlinuoua  raol  tim* 

1  Non-D«ctrochomM  1 

Chemical  Aeotysas 

On  tna  or  laboratory 

Wright  •on  coupon* 

FioW  taola 

□actricol  rMtatonc* 

Corrosion  rots 

HydroQoft  dHTusier 
Wrcfotrtoteflicill 

On  In*  toot 

Laboratory  taotmg 

Hiln  tainr  Acfl»atlen 

Corrosion  rots 

1  Non  Destructive  Testing 

Vtsual  ttisosction 
Rodiogropny 

Pratranlive  maintenarw* 
Non  daatnjcltw*  rawing 

LNIraMnics 

Crock  dstsction 

Udy  cuntn* 

Pitting  dsisctlon 

Mugnatk.  Parlida 

nao  dalaction 

fVnoUonl 

Crock  dstsction 

1  Condition  Idonitenng  1 

Wsor  4*brl*  on«(y«i« 

Lutorfcont  corrosion 

Vlbr^tan  anolirala 

Streaa  osrrMion 

Fouling  monitori^ 

BMogleal  corrotion 

MCTHC90S 

tXAMPLCS 

MstsM  Ssisctlon 

bL--  - 

liof^  mmoMes 

CAh  O.  elrdnlesi,  NL  O.  oHoya 
ptssdcs,  GPP,  ceromics 

CooHngs  c^pHoottona 
OijonJc 

psinte  oed  peljenere 
goNoniesd.  clod  stoel  and  pioUng 

Emironmsntsi  chongs 

dehumUfflcatlon 

cooHng  vertex  and  proosse  Mrosme 
pockovng  ond  mothhdieq 

Elscirieoi  methods 
eothodic  protwHjos 
anodic  protsction 

pipeKnae.  pumps 
voesei  kdsimds 

Design  dst^ 

MsW  CompottMty 
Ndbcolion/alrsss 

ssNonle  sffsole 
k^e  ond  SCC 

(Sonnenmoser  a(  1984) 


B  Botl«r 
T  Tgrhift* 

CP  Cond€r\*a*»  Pymp 
LTH  Low  Presour#  Hecrters 
HPH  High  Pressure  Heoters 


C  Condarkser 

CPP  Condansot#  PoftaNna  Piont 
OA  Oeoerotor 
FP  Feed  Pump 


Figure 

Influencing 


1 ;  Factors 
Plant  Corrosion 


Figure  2:  Systems  Approach 
Water /St earn  Cycle 
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SfSIEMS  Ai>f>IKMU<  VMICR/SIEMI  CYCU 


CanWMMt  1  Ctwpo—iH  2  ^ 

Q^_  lUctM  can«n«*f 


Coiwfoitut  «  Ctnmtmrn  S  CamMWit  • 
ConAnMto  OMMMto  la«  “-inii  i 
Pumf  P1*l«|  n««  HMUn 

~ _ ^  7  CimpouM*  8  CimipomB*  8 

g^SSSr  KSSTfSS  Hi^W—yr* 


LacoI  Approach 


nttkig  and  Ccdca  CofuMien 
StroOB  Comoian  Croekng 
Convaan  FaMfUt 
Clwanlc  Carmmn 
Cmian  ConmiM 
I  Ooolayinf  I 

Condonoat#  Comialon 


Figure  3:  Block  Dlagran 
Water  Steaa  Cycle 


Figiure  4:  Plant  History  and 
Nanagenent  Subfunctions 


Chdngd 


Corrooion  Control 
Mdthology 


Corrowon  ProcMS 

Cause  of 
CorroBon 


Effect  of 
Corrosion 


Ot>eervoition 


lOiognosis 


Corrosion 

MonKorlng 


Figure  5:  Corrosion 
Monitoring  Feedback 


Prediction  of  Corzo8i<»i  Rate  and  Probability 
on  Underground  Pipes 


Yukio  Katano 

Pipe  Engineering  Dept.,  KUBOTA  Corporation 
2-47,  Shikitsuhigashi  l-chome 
Naniwa-ku,  Osaka  Japan  556-91 

Toshihiro  Kubo 

Pipe  Research  Dept . ,  KUBOTA  Corporation 
2-26,  Ohewia  Amagasakl 
Hyogo,  Japan  660 

Youlchl  Igawa 

Pipe  Research  Dept . ,  KUBOTA  Corporation 
2-26,  Ohana  Amagasakl 
Hyogo,  Japan  660 


Abstract 

Predictions  have  been  made  on  external  corrosion  for  water  pipes 
In  soils  containing  peat.  The  corrosion  rate  of  underground  pipe 
was  explained  by  the  corrosiveness  of  soils.  In  many  results  of 
the  field  Investigations  that  were  carried  out  on  the  underground 
pipes,  the  corrosion  pit  was  found  in  few  samples.  In  these 
cases.  It  Is  Important  to  draw  out  information  from  the  samples 
of  non-corroded .  These  samples  can  be  used  for  analyzing  the 
probability  of  corrosion  occurrence  (Pr)  by  dealing  the  dependent 
variable  as  a  binary  data.  Pr  Is  expressed  as  a  logistic  regres¬ 
sion  model  with  the  environmental  factors  (X)  and  the  Installa¬ 
tion  period  (t):  Pr=t*'exp(  Z  BjXj)/(l+t*'exp(  z  BjXj) )  q), 

with  B  estimated  by  the  maximum ''likelihood  method.  In  this  study, 
Pr  was  related  to  soil  type  and  t;  the  existence  of  peat  and  the 
longer  Installation  time  Increase  Pr. 

The  pitting  depth  (Y)  Is  expressed  as  the  following  multiplica¬ 
tive  regression  model:  Y=7i  exp(e)  (e~N(0,a  ^)),  =t^exp(Z  BjXj) 
(j=lf//  q)/  with  n  and  B  estimated  by  the  least  squares  meth<M. 

The  higher  corrosive  conditions  were  effected  by  the  neutral  pH, 
the  higher  content  of  sulfur  and  the  higher  content  of  soluble 
organic  matter  In  soil.  These  conditions  are  enough  for  Increas¬ 
ing  the  activity  of  the  sulfate-reducing  bacteria  (SRB).  On  the 
other  hand,  several  kinds  of  soil  exist  In  this  field.  Therefore 
the  fund2unental8  of  differential  aeration  cells  are  adequate  to 
react.  The  results  of  this  analysis  support  the  assumption  that 
the  parts  In  contact  with  peat  become  the  macro-anode  and  SRB 
affect  the  reaction. 

Key  terms:  soil  corrosion,  peat,  regression  analysis,  cast  Iron 
pipe,  corrosion  probability 
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Introdoction 


Pipelines  are  playing  an  li^portant  part  In  Maintaining  urban 
functions.  The  effected  range  of  the  accident  on  pipelines  Is 
greater  as  a  city  life  becosMS  BK>re  upgrade.  Now,  the  great  loss 
results  from  troubles  of  pipeline  such  as  a  leakage.  Corrosion  Is 
a  cause  of  these  leakages.  Therefore  the  developsient  of  tech¬ 
niques  for  predicting  corrosion  dasiage  Is  desired  as  much  as  that 
of  protections. 

A  corrosion  rate  Is  under  the  control  of  the  properties  and 
condition  of  soils,  except  for  those  cases  due  to  the  stray  cur¬ 
rent  corrosion  and  long  line  currents.  In  this  case,  the  rate  Is 
predicted  by  making  a  relation  between  corrosion  and  corrosive¬ 
ness  of  soil  clear. 

The  statistical  methods  %iere  used  to  predict  a  corrosion  rate.  As 
the  result,  two  kinds  of  models  that  represent  the  probability 
of  corrosion  occurrence  and  the  growth  rate  of  the  pitting  depth 
are  proposed  to  predict  the  corrosion  rate  with  accuracy.  The 
probability  can  be  evaluated  from  Information  of  non-corroded 
samples  that  are  not  used  In  predicting  the  growth  rate. 

In  this  paper,  a  case  study  about  corrosion  In  peat  Is  reported 
and  the  usefulness  of  the  methods  of  prediction  Is  discussed. 
Also  the  corrosion  mechanism  Is  considered. 


Predlcticm  Method 
Investigation  of  Pipe  Condition 

The  Investigation  of  actual  pipe  conditions  was  carried  out  as 
follows.  The  depth  of  corrosion  was  measured  within  about  Im 
length  of  the  pipe  at  the  exposed  sites.  Soil  samples  v^re 
brought  to  the  laboratory  to  be  analyzed.  The  Items  to  be  Inves¬ 
tigated  and  their  definitions  are  shown  In  Table  1. 

Prediction  Model 


Corrosion  samples  were  not  always  found  on  pipes.  In  this  Inves¬ 
tigation,  corrosion  was  observed  on  40%  of  samples.  Usually  the 
analysis  Is  carried  out  only  on  corroded  data.  Non-corroded 
seunples  are  not  used  to  determine  a  relation  between  the  corro¬ 
sion  and  the  environment.  On  the  other  hand,  to  predict  the 
corrosion  with  accuracy.  It  Is  better  that  all  samples.  Including 
non-corroded  one,  are  used.  Therefore  the  pitting  depth  (Y)  was 
treated  as  a  binary  data  (T>0,Y-0)  and  the  probability  of  corro¬ 
sion  occurrence  was  predicted.^ 


The  probability  (Pr)  is  given  by  the  logistic  regression  mod 
the  following  equatlon(l)  with  Pr(Yi >0 )=Pri ,  Pr ( Yi =0 )=1-Pri : 


model  in 


log(Pri/(l-Pri))=S  BjXij+Bq+jlog 


(i»l , 2, . . .  ,n:  the  number  of  S2UDples) 


in  which 

X:  the  explanatory  variables  (Xj^Q=l), 
qt  the  number  of  environmental  xtems, 
t:  the  exposure  period. 


(1) 


Bquation(l),  substituted  is  rewritten  as 


q  <3 

Pr^t'^expC  S  B  jX  j )  /  ( l+t''exp(  2  B  jX  j ) ) 


(2) 


The  corrosion  rate  is  seemed  to  be  controlled  by  the  condition  of 
soil  around  pipes.  The  pitting  depth  (Y)  is  expressed  as  a  po%^r 
of  time  It):  Y-kt^exp(e)  (e:  the  error  term),  with  k  and  n  as 
constants. 2  The  parameter,  k,  is  related  to  environmental  factors 
by  the  following  expression  of  eq.(3): 


Y=i|  exp(e),  n  =t”exp(2  BjXj) 


(3) 


in  which 

e~N(0, a  2) 


The  parameters,  Bj,  were  determined  by  the  method  of  least 
squares . 


Results  and  Discussion 


Statistic  of  the  Data 

The  inspection  was  carried  out  on  buried  cast-iron  pipes  in  soils 
containing  peat.  The  number  of  inspected  points  was  119.  Corro¬ 
sion  was  found  on  48  points.  The  statistic  of  the  data  is  shown 
in  Table  2. 

Probability  of  Corrosion  Occurrence 

The  data  was  divided  into  two  groups,  Y=0  and  Y>0.  The  categoiry 
data  of  soil  type  was  put  into  a  dummy  variable  as  shown  in  Table 


The  regression  model  of  eq.(l)  was  used.  The  parameters,  Bj,  were 
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estimated  by  the  maximum  likelihood  method.  The  solution  was 
obtained  by  the  Newton-Raphson  method. 

The  predictor  variables  %#ere  selected  on  the  bases  of  the  8tatis> 
tical  test ,  put  into  eq . ( 4 ) : 

Pr=t2 • 92exp( -3 . 64-1 . lax, +3 . SIX, ) / ( l+t^ • 92exp( -3 . 64-1 . lax, 

+3.81X2))  (4) 

in  which 

Xii  H2O2PH, 

X2S  Peat.  (X2=l  or  0) 


The  level  of  significance  about  these  parameters  was  over  1%. 
The  likelihood  ratio  test  and  the  x  2  test  were  done  as  shown  in 
Table  4  to  check  the  goodness  of  fit  of  this  model.  It  was  found 
that  the  logistic  regression  model,  eq.(l),  was  able  to  explain 
the  probability  of  corrosion  occurrence. 

The  scatter  diagrams  of  probability  (Pr)  vs.  the  corrosion  rate 
(Y/t)  for  each  soil  were  shown  in  Fig.  1,  indicating  the  follow¬ 
ing  trends: 

1)  There  is  high  probability  of  corrosion  in  peat  soil  with  a 
wide  range  of  corrosion  rate. 

2)  Both  the  probability  and  the  corrosion  rate  of  sand  are  low 
compared  with  those  of  peat. 

3)  The  properties  of  volcanic-gravel  are  similar  to  those  of 
sand. 

Prediction  of  Corrosion  Rate^»^ 

Correlation .  The  correlation  coefficient,  r,  is  a  measure 
of  the  linear  relationship  between  variables;  a  linear  relation 
is  applied  if  |r|  is  close  to  one.  The  correlation,  r,  was  calcu¬ 
lated  from  48  samples  of  corroded  as  shown  in  Table  5.  It  was 
found  that  no  variables  were  related  to  the  corrosion  rate  by 
confirming  r  and  scatter  diagrams.  In  environmental  factors,  EVAP 
was  closely  correlated  with  SO4,  Cl  and  ACID.  It  was  suggested 
that  soluble  salts  in  soils,  which  are  mostly  peat,  contain 
sulfate  and/or  chloride. 


Environmental  Factor  Classification.  The  principal  compo¬ 
nent  analysis  was  applied  to  make  features  of  variables  clear 
and  to  classify  the  variables,  for  the  factors  of  predictor  would 
be  selected  reasonably. 

The  factor  loadings  that  are  correlation  coefficients  between 
variables  and  principal  components  were  plotted  for  the  lst-2nd 
principal  component  coordinates  as  shown  in  Fig.  2.  It  was  con¬ 
sidered  that  the  variables  encircled  by  a  line  have  similar 
characteristics.  As  a  result,  two  groups  were  found  in  this  case. 


Wie  factors  in  the  Ist-group  that  are  closely  related  to  the  1st 
principal  conponent  (Zl)  were  SO4,  ACID,  EVAP,  REST,  pH  and  so 
on.  Zl  was  interpreted  as  indicating  the  concentration  of  salt. 
In  the  2nd~group,  the  factors  that  are  related  to  the  2nd  princi¬ 
pal  component  (Z2)  were  ALKA,  Cl,  WATR  and  SULF.  Though  the 
interpretation  of  Z2  is  not  clear,  it  seems  that  the  soil  type  is 
reflected  in  Z2,  since  the  soil  type  is  closely  related  to  WATR 
and  SULF. 

The  eigenvectors  and  eigenvalues  of  the  correlation  matrix 
were  shown  in  Table  6.  After  all,  61%  of  the  variation  of  this 
sample  were  explained  by  Zl  and  Z2;  that  is,  the  concentration  of 
salt  and  the  soil  type. 


Corrosion  Rate.  The  distribution  of  the  pitting  depth,  Y, 
was  checked.  The  normal  probability  plotting  of  residuals  was 
shown  in  Fig.  3.  The  regression  model  of  eq.(3)  could  be  used  to 
predict  Y .  The  predictor  variables  in  the  model  of  eg . ( 3 )  were 
chosen  in  consideration  of  the  result  of  the  principal  component 
analysis.  The  result  of  the  regression  analysis  was  shown  in 
eq . ( 5 )  and  Table  7 : 


^  =t”exp(  30+81X3^+32X2+83X3+84X4)  (5) 

in  which 

Xi:  pH, 

X2:  SULF, 

X3:  KMn04, 

X4:  ALKA. 


The  multiple  correlation  coefficient  R=0.546  was  over  1%  level  of 
significance,  though  not  so  high  that  of  the  regression  coeffi¬ 
cient  was.  The  scatter  diagram  of  the  predicted  value  (logq  )  vs. 
the  standardized  residual  (eg)  was  shown  in  Fig.  4.  The  plots  are 
scattered  randomly,  so  there  is  no  bias  in  the  estimation. 

It  was  confirmed  whether  the  multicollinearity  was  found  among 
these  variables  by  use  of  the  eigenvalues  of  the  correlation 
matrix.  Some  eigenvalues  are  nearly  zero  if  there  is  the  problem 
of  multicollinearity.  As  shown  in  Table  8,  this  problem  was  not 
found  among  these  variables. 

The  regression  coefficients  in  eg. (5)  imply  that  the  corrosion 
rate  is  increased  in  the  following  conditions: 

1)  The  pH  is  neutral. 

2)  The  concentration  of  sulfur  is  higher. 

3)  The  consumption  of  KMn04  is  more. 

4)  The  alkalinity  is  lower. 

Considering  the  microbiological  activity,  it  is  found  that  the 
corrosive  places  estimated  by  eg. (5)  give  good  conditions  to 
sulfate-reducing  bacteria  (SR3)  as  shown  in  Fig.  5  schematically. 
The  anaerobic  corrosion  of  pipe  occurs  in  some  soils-mixture 
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environments.  The  peat-adhering  area,  ^ere  the  above  factors 
promote  conditions  conducive  to  proliferation  of  SRB,  beccmies 
macro-anodic  part. 


Concluding  Remarks 

Statistical  methods  have  been  applied  to  corrosion  of  cast-iron 
pipes  in  soil  containing  peat  to  devise  two  prediction  equations 
related  to  environmental  factors  and  service  period.  The  results 
are: 

1.  If  it  is  assumed  that  k  in  Y(pitting  depth)=kt*'  represents  the 
environmental  corrosivity,  the  corrosion  probability  (Pr)  and  Y 
are  well  predicted  by  the  following  models  respectively: 
the  logistic  regression  model; 

Pr=t*'exp(2:  BjXj)/(l+t^exp(2  BjXj)) 

the  multiplicative  regression  model; 

Y=ii  exp(e),  Ti  =t^exp{2  ^j^j) 


2.  The  probabilities  of  corrosion  occurrence  are  a  higher  level 
on  pipes  in  peat.  The  aggressive  condition  of  peat  soils  are 
made,  when  pH  is  neutral  and  there  are  the  higher  content  of 
sulfur  and  the  higher  consumption  of  KMn04. 

3.  The  results  of  this  statistical  analysis  support  the  assump¬ 
tion  that  peat  adhering  to  the  pipe  is  a  necessary  condition  to 
react  as  anode  and  the  anaerobic  corrosion  is  accelerated  with 
the  increase  of  the  microbiological  activity  in  this  area. 
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Table  1  Definitions  of  variables 


No. 

Variable 

Unit  Symbol 

Definitioi 

1 

Pitting  depth 

mm 

y 

Maximum  depth  of 
corrosion  pit. 

2 

Installation 

period 

year 

t 

Period  from  installation 
until  investigation. 

3 

Soil  resistivity 

D  m 

REST 

Minimum  soil  resistivity 

4 

pH 

pH 

pH  of  water  extracted 
from  dry  soil. 

( ratio  1:2.5) 

5 

Redox  potential 

V 

Eh 

Redox  potential  of  soil. 

6 

Water  content 

% 

WATR 

Water  content  ratio 
of  soil  sample. 

7 

Sulfur  content 

% 

SULF 

Sulfur  content  of  dry 
soil . 

8 

Soil  pH  after 
oxidation 

HjOjpH 

pH  of  soil  as  oxidized 
with  H2O2. 

9 

Sulfate  ion 

mg/1 

SO4 

Concentration  of  S04^" 
contained  in  soil  water. 

10 

Chlorine  ion 

mg/1 

Cl 

Concentration  of  Cl” 
contained  in  soil  water. 

11 

The  consumption 
of  potassiiun 
permanganate 

mg/1 

KMn04 

The  amount  of  consump¬ 
tion  in  KMn04 -titration 
of  soil  water. 

12 

Evaporation 

residue 

mg/1 

EVAP 

Concentration  of  soluble 
salt  in  soil  water. 

13 

Acidity 

mg/1 

ACID 

Acidity  of  soil  water. 

14 

Alkalinity 

mg/1 

ALKA 

Alkalinity  of  soil  water 
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Table  2  Statistic  of  the  data  (n-119) 


No. 

Variable 

Minimum 

Maximum 

Mean 

Standard 

deviation 

1 

Y  (mm) 

0.0 

3.6 

0.66 

0.92 

2 

t  (year) 

1 

28 

14.1 

5.3 

3 

REST  ( Q  m) 

6.2 

292.0 

67.53 

58.62 

4 

pH 

4.1 

7.9 

6.17 

0.77 

5 

Eh  (V) 

0.26 

0.68 

0.485 

0.080 

6 

WATR  (%) 

4 

598 

77.5 

97.0 

7 

SXJLF  (%) 

0.01 

1.23 

0.118 

0.186 

8 

9 

HjOjpH 

SO4  (mg/1) 

1 

41 

7 

2869 

4.9 

378.2 

1.1 

372.2 

10 

Cl  (mg/1) 

4 

679 

75.0 

82.5 

11 

KMn04(mg/l) 

64 

6694 

996.5 

919.7 

12 

EVAP  (mg/1) 

337 

6397 

1887.4 

1146.9 

13 

ACID  (mg/1) 

10 

530 

78.9 

86.0 

14 

ALKA  (mg/1) 

0 

1469 

115.2 

179.7 

Table  3  Duan^  variable  of  soils 
Soil  X2 


Peat  1 

Others  0 


Table  4  Test  of  logistic  regression  aodel  eq . ( 5 ) 

Method  Test  statistic  Degrees  of  freedom  Significance 


Pearson  97.3  115  0.882 

Likelihood  72.3  115  0.999 

ratio 
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Table  5  Correlation  coefficient  r  (n=48) 


1 

2 

3 

4 

5 

6 

Y/t 

REST 

pH 

Eh 

WATR 

SULF 

1  Y/t 

1.000 

-0.098 

0.104 

-0.001 

0.078 

0.092 

2  REST 

-0.098 

1.000 

0.290 

0.390 

-0.427 

-0.439 

3  pH 

0.104 

0.290 

1.000 

0.523 

-0.179 

-0.417 

4  Eh 

-0.001 

0.390 

0.523 

1.000 

-0.057 

-0.368 

5  WATR 

0.078 

-0.427 

-0.179 

-0.057 

1.000 

0.504 

6  SULF 

0.092 

-0.439 

-0.417 

-0.368 

0.504 

1.000 

7  H202pH 

-0.111 

0.384 

0.510 

0.417 

-0.086 

-0.301 

8  S04 

-0.064 

-0.351 

-0.333 

-0.401 

-0.289 

0.424 

9  Cl 

-0.049 

0.049 

0.237 

0.057 

-0.444 

-0.107 

10  KMn04 

0.091 

-0.249 

-0.063 

-0.173 

-0.285 

-0.103 

11  EVAP 

-0.099 

-0.265 

-0.203 

-0.330 

-0.488 

0.148 

12  ACID 

0.026 

-0.278 

-0.556 

-0.461 

-0.264 

0.273 

13  ALKA 

-0.133 

0.253 

0.520 

0.164 

-0.395 

-0.255 

7 

8 

9 

10 

11 

12 

H202pH 

S04 

Cl 

KMn04 

EVAP 

ACID 

1  Y/t 

-0.111 

-0.064 

-0.049 

0.091 

-0.099 

0.026 

2  REST 

0.384 

-0.351 

0.049 

-0.249 

-0.265 

-0.278 

3  pH 

0.510 

-0.333 

0.237 

-0.063 

-0.203 

-0.556 

4  Eh 

0.417 

-0.401 

0.057 

-0.173 

-0.330 

-0.461 

5  WATR 

-0.086 

-0.289 

-0.444 

-0.285 

-0.488 

-0.264 

6  SULF 

-0.301 

0.424 

-0.107 

-0.103 

0.148 

0.273 

7  H202pH 

1.000 

-0.334 

0.136 

-0.283 

-0.229 

-0.450 

8  S04 

-0.334 

1.000 

0.350 

0.315 

0.875** 

0.657  * 

9  Cl 

0.136 

0.350 

1.000 

0.392 

0.630  * 

0.223 

10  KMn04 

-0.283 

0.315 

0.392 

1.000 

0.580 

0.544 

11  EVAP 

-0.229 

0.875** 

0.630  * 

0.580 

1.000 

0.689  * 

12  ACID 

-0.450 

0.657  * 

0.223 

0.544 

0.689  * 

1.000 

13  ALKA 

0.127 

0.073 

0.626  * 

0.401 

0.340 

0.003 

13 

ALKA 

1 

Y/t 

-0.133 

2 

REST 

0.253 

3 

pH 

0.520 

4 

Eh 

0.164 

5 

WATR 

-0.395 

6 

SULF 

-0.255 

7 

H202pH 

0.127 

8 

S04 

0.073 

9 

Cl 

0.626  * 

10 

KMn04 

0.401 

11 

EVAP 

0.340 

12 

ACID 

0.003 

13 

ALKA 

1.000 
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Table  6  The  eigenvector  and  eigenvalue 


Z1 

Z2 

Z3 

Z4 

Z5 

1  REST 

-0.254 

0.240 

-0.456 

0.269 

-0.452 

2  pH 

-0.280 

0.316 

0.368 

-0.069 

-0.004 

3  Eh 

-0.309 

0.185 

0.111 

0.006 

0.394 

4  HATR 

-0.090 

-0.422 

0.473 

-0.152 

-0.049 

5  SURF 

0.217 

-0.311 

0.409 

0.349 

-0.309 

6  Hg02pH 

-0.288 

0.188 

0.157 

0.431 

0.420 

0.414 

0.073 

0.071 

0.392 

0.106 

8  Cl^ 

0.160 

0.415 

0.287 

0.152 

-0.058 

9  KMn04 

0.282 

0.236 

0.045 

-0.590 

0.197 

10  EVAP 

0.411 

0.257 

0.059 

0.187 

0.161 

11  ACID 

0.421 

0.028 

-0.232 

-0.018 

0.107 

12  ALKA 

0.021 

0.445 

0.285 

-0.180 

-0.524 

Eigenvalue 

4.146 

3.186 

1.157 

0.948 

0.609 

Cont r ibut ion 
rate 

0.345 

0.266 

0.096 

0.079 

0.051 

Cumulus 

0.345 

0.611 

0.707 

0.786 

0.837 

Table  7 

Regression  analysis  eq . ( 6 ) 

Predictor 

Student’s  t 

Constant 

-2.340 

-3.181 

B]^:pH 

0.273 

3.167 

B2:SULF 

(%) 

0.432 

1.807 

B^  s  KMnO^ 

(g/1) 

0.128 

1.150 

B4:ALKA 

(g/i) 

-2.462 

-1.930 

n:log  t 

(yr) 

0.378 

1.556 

Multiple  correlation  coefficient  R»0.546  (n=48) 


Table  8  The  eigenvector  and  eigenvalue 


Z1 

Z2 

Z3 

Z4 

Z5 

1  pH 

0.592 

0.228 

-0.122 

0.437 

0.625 

2  SULF 

-0.405 

0.127 

0.783 

0.405 

0.207 

3  KMnOd 

0.156 

-0.773 

0.272 

-0.346 

0.429 

4  ALKA 

0.559 

-0.281 

0.312 

0.359 

-0.618 

5  log  t 

0.385 

0.505 

0.448 

-0.629 

-0.021 

Eigenvalue 

2.039 

1.294 

0.906 

0.471 

0.290 

Contribution 

0.408 

0.259 

0.181 

0.094 

0.058 

rate 

Cximulus 

0.408 

0.667 

0.848 

0.942 

1.000 
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100.00, 


1  X 

2  O 

3  + 


0.485  Gravel 
0.247  Sand 
0.294  Peat 


I  0.00  0.05  0.10  0.15  0.20  T/t(imn/yr) 

Pig.  1  Ihe  corroaloB  provability  Pr  vs.  the  corrosion  rate  T/t 


(ALKA  ^ 


Eh  *’«202pH 


KMn04 


BVAP 
V  I  S04 


n 

WATR 

X 

.uuu  -U.300  0.000  0.500 


Pig.  2  The  factor  loadings  on  the  lst->2nd 
principal  conxments  cxwrdinates . 


1.12  -0.75  -0.37  0.00  0.37  0.75  1.12 


Fig.  5  The  conditions  increasing  the  activity  of 
corrosion  in  the  peat. 
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Abstract 

An  ai^Moach  and  a  methodology  for  devek^g  a  mechanistically  based  probability  model  for  life  prediction  are 
described.  A  single  flaw  proba^ty  model  for  localized  corrosion  and  corrosion  fatigue  crack  growth  in  steeb  in 
aqueous  environments  is  used  to  ^monstrate  its  construction  and  to  evaluate  the  approach.  Statistically  tight 
estimates  of  the  life,  for  conditions  that  are  beyond  the  range  used  in  typical  suppoting  data,  can  be  produced  with 
this  approach.  The  pobal^ty  considerations  are  included  in  the  initial  stages  and  are  integrated  throughout  the 
mod^g  process.  The  contribution  and  significance  of  each  fundamental  variable  in  the  mechanistically  based 
model  for  the  failure  process  is  described.  It  is  to  be  noted  that  the  model  is  somewhat  empirical.  Assumptions  are 
made  which  simplify  certain  aspects  of  the  damage  mechanism.  Also  the  assumed  parameters  for  the  model  are 
only  reasonable  estimations  of  the  physical  values;  they  are  not  the  result  of  coefuUy  executed  experiments. 

latrodoctioii 

Localized  corrosion  (e.g.,  pitting  in  steel),  and  corrosion  fatigue  crack  initiation  and  growth  are  recognized  as 
degradation  mechanisms  that  affect  the  durability  and  integrity  of  structures.  A  quantitative  methodology  for  life 
prediction  is  needed  to  help  define  suitable  inflection  intervals,  to  mandate  repairs,  and  to  assess  the  dur^ility  and 
integrity  of  new  and  aging  components  and  structures.  Current  life  paction  methodologies  are  largely 
statistically  based,  and  reflect,  at  most,  a  limited  number  of  loading  and  environmental  variables.  Their  accuracy  is 
acceptable  only  for  characterizing  response  within  the  range  of  suiqxnting  experimental  data.  To  be  effective, 
however,  the  methodology  must  provide  statistically  accurate  estimates  of  response  for  conditions  not  included 
within  the  available  experiment^  observations  and  must  r^ect  the  influences  of  key  external  and  internal 
variables.  The  external  variables  include  applied  sbess,  environmental  chemistry,  and  temperature,  and  the 
internal  variables  include  chemistry  within  a  pit  or  at  the  crack  tip,  material  prcqjerties,  initial  defect  size,  etc.  As 
such,  in  contradistinction  to  many  current  methods,  this  methodology  requires  mechanistic  understanding  and 
quantification  of  the  damage  (Rocesses. 

In  this  paper  a  mechanistically  based  probal^ty  af^noach  to  life  prediction  for  pitting  corrosion  and  corrosion 
fatigue  crack  growth  in  steel  is  describ^.  The  differences  between  the  statistical  and  mechanistic  approaches  to 
life  prediction  are  addressed,  and  the  need  for  adrqrting  a  mechanistically  based  ai^noach  is  demonstrated.  The 
approach  and  the  process  for  developing  this  type  of  model  is  described,  and  it  is  illustrated  through  a  model  for 
pitting  and  corrosion  fatigue  crack  growth  in  steels.  Because,  in  reality,  mechanistic  models  for  pitting  and 
corrosion  fatigue  crack  growth  are  not  available,  simplified  models  that  crqrture  the  essential  chemical  and  physical 
features  of  these  processes  are  assumed.  Damt^e  accumulation  is  modeled  in  terms  of  the  growth  of  a  single 
hemi^erical  pit,  which  transitions  at  a  critical  size  and  then  grows  as  a  corrosion  fatigue  crack.  Pitting  is 
considered  as  a  constant  volumetric-dissolution  rate  process  that  (tepends  on  temperature.  Corrosion  fatigue  crack 


Key  terms:  life  prediction;  |Hob^ility  modeling;  corrosion;  conosicMi  fatigue;  fracture  mechanics:  steel 
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growth  is  assumed  to  follow  a  simple  power-law  relationship  in  terms  of  the  cycUc  stress  intensity  range  AK,  with 
transition  firom  pitting  to  crack  growth  defined  by  the  fatigue  doeshold  AKi/^.  Taking  the  pitting  corrosion  rate 
and  corrosion  fotigue  crack  growth  rate  coefficients,  initial  pit  size,  and  as  the  key  random  variables,  the 
mechanistically  based  approach  is  used  to  estimate  the  influence  of  applied  stress  and  temperature  on  corrosion  and 
corrosion  fotigue  life.  The  sensitivity  to  each  of  the  key  random  vatia^  is  also  examined. 

It  is  recognized  that  the  probability  considerations  are  part  of  the  initial  stages  of  the  model  construction,  and  they 
are  integrated  throughout  the  process.  In  fact,  the  probability  considerations  and  atudysis  must  be  an  integral  part 
of  the  process.  It  cannot  be  an  ex  post  focto  addition  to  a  mechanistic  study.  Along  with  being  able  to  make 
predictions  well  beyond  the  range  of  available  data,  the  model  is  able  to  account  for  the  contributions  of  each  key 
random  variable  and  to  provide  an  assessment  of  the  significance  of  each.  It  is  also  recognized  that  pitting  of  ^cel 
is  much  mote  complex,  and  involves  continuous  nucleation,  growth  and  coalescence  at  multqrle  sites.  The 
illustration  described  herein,  therefore,  should  not  be  construed  as  being  representative  of  actual  behavior. 
Nevertheless,  it  does  provide  an  estimate  based  on  a  single  flaw  model,  and  it  serves  to  demonstrate  the 
eflectiveness  of  this  anitoach.  The  direction  and  importance  for  adopting  this  ai^Koach  in  the  development  of  life 
prediction  methodology  and  directions  for  future  teseardt  are  considned. 

Mechanistically  based  probability  approach  and  process  for  model  development 

The  essential  advantage  of  this  approach  is  the  use  of  a  mechanistically  based  damage  accumulation  model  to 
capture  the  fuitctionai  dependence  on  all  of  the  key  (random)  varid>les.  This  is  a  vastly  different  approach  than  the 
typical  statistically  based  approach  which  relies  on  the  use  of  parametric  models  of  experimental  data. 

It  is  granted  that  constructing  a  mechanistic  model  for  which  probabilistic  analyses  can  be  made  is  difficult, 
nevertheless,  is  essential  for  making  meaningful  predictions.  The  probabilistic  component  of  the  model  must  be 
included  from  the  outset  It  cannot  be  an  ad  hoc  add-on  after  the  medianism  is  understood  because  accurate 
parameter  identification  and  characterization  is  an  integral  part  of  both  the  experimental  design  and  the  modeling. 
The  essential  elements  of  the  modeling  process  and  their  interrelationships  are  outlined  in  Table  1  and  are  shown 
schematically  in  Figure  I.  The  initial  Step  is  to  identify  the  mechanisms  and  all  of  the  critical  variables  which 
contribute  to  the  failure  process.  These  variables  can  be  separated  into  two  categories:  extetral  variables,  which 
describe  such  things  as  loading  and  environmental  conditions;  and  internal  wiables,  which  include  the  structure 
and  properties  of  the  material  and  its  response  to  the  external  conditions.  The  design  of  experiments  is  highly 
dependmt  on  the  choice  of  the  variables  used  in  the  model  because  those  variables,  and  their  interrelationships, 
must  be  identified  in  order  to  analytically  evaluate  the  proposed  probability  model.  In  other  words,  the  effect  of  a 
variable  must  be  known  before  it  can  be  incorporated  meaningfiiUy  into  the  model.  Thus,  one  essential  aspect  of 
the  design  erf  experiments  is  the  verification  and  refinement  of  the  mechanistic  model.  The  development  of  the 
mechanistic  nnodel  is  crucial.  All  of  the  physical,  chemical,  and  material  processes  which  critically  determine  the 
degradation  process  must  be  identified,  if  tight  estimates  are  to  be  achieved.  Another  aspect  of  the  design  of 
experiments  is  the  estimation  of  a  joint  probability  density  function  (/p40  for  the  internal  and  external  variables. 
Such  issues  as  the  degree  of  scatter  and  the  statistical  int^dependence  of  the  variables  must  be  addressed.  Finally, 
the  mechanistic  model  and  the  jpdf  are  merged  to  produce  a  probability  model  which  can  estimate  long-term 
reliability.  One  of  the  strengths  of  this  approach  is  that  it  is  iterative  in  that  as  more  data  or  insight  become 
available  the  modeling  process  can  be  repeal  to  include  the  additional  information.  This  feature  is  especially  key 
to  modeling  long-term  processes  for  which  data  become  available  through  several  years  of  service. 

Pitting  corrosioa  and  corrosion  fatigue  in  aqueous  environments 

To  demonstrate  the  integration  of  mechanistic  understanding  with  probabilistic  modeling,  a  simplified  model  for 
pitting  corrosion  and  corrosion  fatigue  is  developed.  Damage  is  assumed  to  be  initiated  by  pitting  corrosion,  from 
which  a  corrosion  fatigue  crack  can  nucleate  and  grow.  The  model  is  illustrated  schematically  in  Figure  2. 
Randomness  associated  with  material  properties  and  their  seiKitivity  to  the  environment  are  explicitly  represented 
in  the  model.  Because  detailed  mechanistic  models  for  pitting  corrosion  and  corrosion  fatigue  are  yet  to  be 
developed,  an  empirically  based  model  is  used  as  the  basis  for  this  example. 
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The  key  variable  of  iniefest  in  probability  modeling  is  the  time^frilure  i.al  the  component  or  the  stnicture.  The 
goal  is  to  find  the  cumulative  distribution  function  (c4fi  ^  It  is  the  c<7  which  accounts  for  scatter  in  a  variable 
and  which  allows  for  identification,  estimation,  smd  pre&tion  of  the  reludnlity.  For  intting  corrosion  and 
corrosion  fatigue,  /^can  be  considered  as  follows: 


where  is  the  time  for  a  nucleated  pit  to  grow  and  transition  into  a  crack  tmd  is  the  time  for  a  crack  to  grow  to 
a  prescribed  critical  length,  given  1^  a  failure  criterion.  To  find  explicit  expressions  for  and  the  fidlowing 
modd  is  emfrtoyed. 

Pitting  corrosion  mode! 


In  keeping  with  [1,  2],  it  is  assumed  that  a  growing  pit  remains  hemi^erkal  in  shape  and  grows  at  a  conidant 
volumetric  rate  dV/dt  given  by 


dV'  -  2  dfl  ^0 

—  =  2ii  a*  —  =  — ^exp 
dt  dt  itFp 


(2) 


where  a  is  the  pit  radius,  Af  is  the  molecular  weight  of  the  material,  n  is  the  valence,  F  =  %S14coulAnol  is 
Faraday's  constant,  p  is  density,  AA/  is  the  activation  energy,  R  =  8J14Joule/mol-K  is  the  universal  gas  constant.  T 
is  the  absolute  temperature,  and  is  the  pitting  current  coefficient  Thus,  t^  is  found  after  a  simple  integration  to 
be  as  follows: 


(3) 


where  is  the  pit  radius  at  which  a  crack  is  initiated  and  is  the  initial  pit  radius. 

The  transition  pit  radius  can  be  expressed  in  terms  (tf  the  threshold  driving  force  via  the  crack  growth 
mechanism  [1, 2].  For  the  sake  of  simplicity  and  computational  expediency,  assume  that 


(4) 


where  Ao  is  the  far  field  stress  range,  and  the  factor  of  2.2Aic  is  for  a  semi-circular  flaw  in  an  infinite  plate.  Thus, 


=it 

IT 


HJC 


ih 


2.2  Aa 


The  expression  for  t^  is  found  by  substituting  (5)  into  (3). 
Corrosion  fatigue  model 


(5) 
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A  model  for  ranowMfittiguecnKdc  growth  has  been  praposed  on  the  basis  of  a  supeiposition  model  [3 -S].  In  the 
model  the  nte  of  corroeion  fotigue  cnck  growth.  {JaldN)^  is  identified  microstnictiinlly  with  two  parallel 
mechanisms  for  crack  growth;  namely,  pare  (mechanical)  fatigue  and  parr  corrosion  fotigue: 


In  (6),  (daldS)^  is  the  rale  of  fotigue  crack  growth  in  an  inert  (reference)  environment,  and  it  is  identified  with 
pure  (mechanical)  fatigue;  (daldN)^  represents  the  cycle<lepeiident  contribution  which  requires  synergistic 
interactions  of  fatigue  and  environmental  attack,  and  it  is  identified  with  pure  corrosion  fotigue;  and  the  fraction  of 
the  crack  that  is  under  going  pure  corrosion  fatigue  is  identified  with  a  non-dimensional  measure  of  the  extent  of 
surface  reaction  (or  surface  coverage  6)  during  each  fotigue  loading  cycle.  It  should  be  noted  that  the  rates 
themselves  may  be  composed  of  contributions  from  several  concurrent  micromechanisms.  Hmein,  the  naodel  is 
focused  on  transport  or  surface  reaction  controlled  processes.  For  steels,  crack  growth  follows  the  airfoce  reaction 
controlled  model  [S,  6]. 

For  the  sake  of  illustration,  a  generic  apiriication  is  consideied,  where  the  loading  -  unloading  duty  cycle  is  4  and 
20  cycles  per  day.  These  frequencies  v  are  so  small  or  the  time  duration  is  so  long  that  0  is  essentially  unity. 
Thus,  the  simplified  model,  which  is  used  henceforth,  assumes  that  6  is  identicaUy  one.  and  (6)  simply  reduces  to 
the  corrosion  fatigue  growth  rale  (daldN)^. 

For  demonstrating  the  proposed  probid>ilistic  approach,  the  basic  power  law  form  for  the  corrosion  fatigue  growth 
rate  (da/dN)^  is  assumed  to  be  the  mechanistically  based  model.  Ilius. 

In  this  model  represents  the  mechanistic  dependence,  specifically  the  functional  dqiendence  of  the  crack  growth 
rate  on  the  driving  force  dJC,  and  it  is  taken  to  be  deterministic.  The  codficient  reflects  material  properties,  and 
the  contributions  of  microstnictural  and  environmental  parameters  are  included  in  its  variability.  As  above,  AX’  is 
given  by  (4). 

Substituting  (4)  into  (7)  yields  a  simple  differential  equation  in  that  the  vniables  a  and  can  be  separated,  and  an 
explicit  solution  can  be  found.  Assuming  that  N  =  vr,  and  since  (7)  governs  the  time  of  crack  growth  then 


nln 

( 

a,  la 
Kiln 

1 

vC  (2.2Aa 

c' 

"  “A 

f  ‘ 

kT"-- 

2-n  1 

C 

v(«^-2)c^(2.2Aa)"c 

The  resulting  model  is  not  intended  to  be  the  most  accurate  or  general,  but  it  is  used  here  to  demonstrate  several 
important  modeling  concepts. 
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Sckctioa  of  dcteraiBistk  aad  raadooi  variables 

With  reference  to  Table  1  or  Hgure  1.  observe  that  Ao.  AAT,  v.  and  T,  for  example,  are  external  variables,  whereas 
C^.  a^,  and  are  examples  of  internal  variables.  It  is  to  be  noted  that  none  of  the  rvs  are  stochastic 

processes.  i.e..  the  m  are  chosen  to  be  mechanistically  and  statistically  independent  of  time.  The  parameter 
reflects  variability  in  material  properties,  more  specifically,  it  is  characteristic  of  the  resistance  of  the  matnial  to 
fatigue  crack  growth  and  of  environmental  sensitivity.  The  initial  pit  size  represents  material  and 
manufacturing  quality.  The  fatigue  threshold  is  also  a  function  of  the  material  variability.  The  final  rv  ho 
reflects  the  scatter  associated  with  the  electrochemical  reaction  for  pit  growth. 

Deterministic  variables 

Table  2  contains  the  values  for  the  deterministic  variables  which  are  used  in  the  numerical  computations.  It  is  to 
be  noted  that  some  of  these  variables  could  be  considered  to  be  random;  however,  they  are  assumed  to  be 
deterministic  for  this  example.  Most  of  the  values  in  the  table  are  self  explanatory;  however,  a  few  comments  are 
in  order.  The  values  for  the  firequency  v  are  selected  to  represent  a  long  duty  cycle  (v  =  4cyc/day)  and  a  short  duty 
cycle  (v  =  20cyc/day)  flights.  The  temperature  values  are  selected  to  cover  a  reasonable  range  of  (grating 
temperatures.  Finally,  the  applied  stresses  Aa  are  typical  of  the  design  stress  range  for  steels  used  in  many 
applications. 

The  characterization  of  a,  is  more  difficult  because  it  is  associ^ed  with  the  failure  condition,  the  experimental 
termination  criterion,  or  the  replacement  or  repair  condition  of  a  component.  Certainly,  there  are  ways  in  which  to 
define  a,  so  that  it  is  not  deterministic,  and  indeed,  these  may  be  more  suited  to  reality.  For  simplicity,  a^  is 
assumed  to  be  deterministic  here.  Such  an  assumption,  for  example,  corresponds  to  the  specification  of  an 
inspection  limit  for  Uy. 

Random  variables 

For  this  model,  randomness  is  assumed  to  be  introduced  through  the  following  four  variables:  the  pitting  current 
coefficient  w  the  initial  pit  size  a^,  the  corrosion  fatigue  crack  growth  coefficient  C^,  and  the  fatigue  crack 
growth  threshold  In  order  to  select  an  appropriate  c<^for  each  random  variable  (rv),  extensive  experimental 
and  statistical  testing  is  needed  within  the  context  oi  the  theoretical  probability  foundations  on  which  the  cdfi  are 
constructed. 

Because  the  cdfi  are  not  known,  the  Weibull  cdf  is  chosen,  for  the  illustration,  for  all  of  the  rvs.  The  WeibuU  cdf  is 
sufficiently  robust  to  provide  an  adequate  estimate  the  statistical  character  of  the  rvs  (7.  8].  The  three  parameter 
Weibull  cdf  is  given  by: 


F{x)  - 1  -  exp' 


x>y 


(9) 


where  a  is  the  shape  parameter,  y  is  the  location  parameter  tn'  minimum  value,  and  P  is  the  scale  parameter.  The 
parameters  in  the  Weibull  cdf  are  related  to  physical  quantities  in  the  following  way:  a  is  characteristic  of  the 
scatter  in  the  rv,  (P  -»■  y)  is  approximately  the  mean  value,  and  y  is  the  minimum  value  of  the  rv.  It  should  be  noted, 
however,  that  the  choice  of  the  Weibull  cdf  is  not  an  essential  feature  of  the  model  development,  and  in  fact,  any 
properly  defined  cdf  can  be  used  fenr  the  pr^iability  development 

While  the  approximations  for  the  rvs  are  intended  to  be  typical,  at  least  qualitatively,  they  are  not  necessarily 
quantitatively  accurate.  Table  3  contains  the  assumed  values  for  the  Weibull  parameters  for  each  rv.  The  main 
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puipose  of  this  illustration  is  to  demonstrate  the  probtd>ilistic  approach,  and  the  technique  is  sufficiently  general  to 
allow  for  luiy  changes  which  are  mme  realistic  physically.  As  ^  as  the  mathematical  modeling  is  concerned,  the 
numerical  values  given  for  any  of  the  parameters  are  inconsequential,  but  they  are  very  important  from  the 
standpoint  of  the  physical  model.  It  is  precisely  at  this  point  where  accurate  experimental  and  statistical  nuxleling 
are  required. 


CoaputatioB  of  the  cdft 

The  computation  of  the  cdfFjS)  for  the  life  is.  in  principle,  straightforward  since  the  time-to-failure  is  a  sum  of 
two  rvs;  see  (1).  However,  and  are  functions  of  the  underlying  m.  and  the  cdf  for  t.  is  foinid  by  an 
application  of  the  standard  change-of-variables  theorem  for  multidimensiona]  rvs.  The  simplest  form  of  the  result 
can  be  found  in  most  standard  probability  texts;  e.g.  see  [9].  However,  a  more  advanced  treatment  containing 
engineering  applications  is  given  in  [10]. 

The  first  step  in  the  analysis  is  to  find  an  explicit  expession  for  the  life  Substituting  equations  (3.  S,  and  8)  into 
(1),  when  Ilf.  =  2,  yields 


nin 

a^(2.2Ao)^ 

2rtRFpexp 

1 _ _ 1 

vC^(2.2Aa)^ 

3W/^ 

4 

» 

[2.2AaJ 

(10) 


The  computation  of  the  cdf  for  y  is  rather  tedious,  in  fact,  the  only  possible  solution  requires  the  numerical 
evaluation  of  a  multidimensiona]  integral  which  is  nontrivial.  Nevertheless,  the  numerical  analysis  is  sufficiently 
well  behaved  that  standard  procedures  are  applicable,  and  the  numerical  accuracy  is  within  the  model  precision. 
For  another  application,  with  more  details,  which  is  very  similar  to  this  problem  see  [11]. 

Results  and  discussioB 

Deterministic  parameters  such  as  frequency,  far-field  stress  range,  or  temperature  are  often  used  to  accelerate 
testing.  These  are.  therefore,  the  key  external  vwables  in  time  extrapolation.  With  the  model  at  hand  the 
influence  (d'  each  of  these  variables  can  be  considered  collectively  or  in  turn.  Similarly,  the  statistical  contribution 
of  each  of  the  rvs  can  be  assessed.  These  analytical  sensitivity  studies  are  useful  in  constructing  an  experimental 
design  of  experiment  and  in  reftning  a  mechanistic  model  for  the  failure  process. 

The  influence  of  the  applied  stress  range  Aa  on  the  predicted  distribution  f(0  for  the  time-to-failure  is  shown  in 
Figure  3,  for  a  finequency  of  20cyc/day.  The  cdfi  are  more  spread  as  Aa  decreases  which  indicates  that  the 
variability  is  increasing.  The  variability  principally  reflects  the  variations  in  all  of  the  random  variables.  AntMher 
observation,  which  is  consonant  with  experimental  results,  is  that  F(t)  is  stochastically  ordered  in  that,  for  fixed  t. 
Fit)  strictly  decreases  as  Aa  decreases.  In  other  words,  for  fixed  Fit),  the  random  life  t^  decreases  as  the  applied 
stress  range  increases.  The  consequence  of  changing  the  tqiplied  stress  is  manifest.  It  is  demonstrated  by 
observing  that  the  mean  life,  from  smaller  to  larger  values,  differs  by  a  factor  of  about  10  over  the  given  range. 
Figure  4  is  identical  to  Figure  3  except  that  the  fiequency  has  been  lowered  to  4cyc/day.  There  is  less  scatter  for 
each  cdf  in  this  case.  The  range  of  the  mean  failure  times  is  more  narrow,  differing  by  a  factor  of  about  4.  Also, 
notice  that  the  mean  time$-to-failure  are  larger. 

Figure  5  is  the  cdf  for  the  time-to-transition,  i.e.  pitting  corrosion,  of  equation  (3).  Notice  that  the  amount  of 
scatter  is  the  same  for  each  cdf.  In  fact,  a  significant  portion  of  the  toti  life  is  expended  in  pit  growth.  This 
phenomenon  is  clearly  shown  on  Figure  6,  where  the  cdfs  for  the  time-to-transition  and  the  times-to-failure  for  the 
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two  diffeient  frequencies  are  shown.  Notice  that  the  mean  time-to-transilion  is  about  25%  and  8%  of  the  mean 
times-to-failure  when  the  frequencies  are  20  and  4cyc/day.  respectively. 

The  influences  of  temperature  and  frequency  are  contained  in  Figures  7  and  8.  The  temperature  varies  frcrni  273  to 
313K  for  two  frequencies,  4  and  20cyc/day.  The  predicted  lives  reflect  the  influence  temperature  which  only 
aflects  the  time-to-transition  in  equation  (3).  The  mean  time-to-transition  is  the  largest  fraction  of  the  mean  time- 
to-failure  for  the  smaller  temperatures,  and  the  fraction  decreases  as  the  temperature  increases  It  is  also  manifest 
that  the  are  stochastically  ordered  similarily,  i.e.,  the  life  decreases  as  the  temperature  decreases.  At  4  and 
20cyc/day,  the  difference  in  mean  lives  is  about  a  factor  of  1  and  2,  respectively. 

Since  is  such  a  critical  rv  in  both  the  time-to-tiansition  and  the  time-to-failure  its  effect  is  di^layed  in 
Figures  9  and  10.  The  mean  for  varies  from  3.0  to  4.0M^Vm.  As  the  mean  increases,  the  scatter  increases. 
The  difference  in  mean  life  varies  by  about  a  factor  of  1.S,  and  again,  a  majority  of  the  total  life  is  due  to  the  pit 
growth. 


Some  observatkns 

In  order  to  insure  that  the  single  flaw  model  is  physically  consistent,  the  rate  of  flaw  growth  for  the  pitting 
corrosion  must  be  considerably  less  than  the  corrosion  fatigue  growth  for  times  beyond  the  time-to-transition. 
Figures  1 1  and  12  show  the  mean  flaw  radius  versus  time  for  the  two  mechanisms  of  growth.  The  key  observation 
is  that  the  pit  must  be  sufficiently  large  for  the  transition  to  crack  growth  to  be  instantaneous.  This  requirement  is 
directly  responsible  for  the  moderately  long  times-to-transition.  Thus,  the  single  flaw  model  for  steels  is  not  as 
accurate  as  desired.  Furthermore,  it  has  been  observed  that  there  is  substantial  interaction  between  corrosion  pits 
during  nucleation  and  growth  [12].  Therefore,  the  proper  model  for  pitting  corrosion  and  crack  growth  must 
include  a  nearest  neighbor  interaction  and  effect.  This  will  be  the  thrust  of  a  future  effort. 

The  next  most  critical  aspect  of  the  approach  is  the  identification  of  all  of  the  variables,  deterministic  and  random. 
Certainly,  this  will  inclu^  an  extensive  design  of  experiments,  but  it  may  also  include  derivations  for  distribution 
functions  from  the  flrst  principles  of  probalMlity  thet^,  or  even  some  simple  assumptions.  The  latter  is  (nimaffly 
the  case  needed  to  accurately  model  pit  interactions.  Also  associated  with  this  aspect  of  the  modeling  is  the  need 
for  improved  mechanistic  descriptions  for  the  pitting  and  fatigue  processes.  Greater  accuracy  in  modeling  directly 
results  in  greater  accuracy  in  reliability  estimations. 


Summary 

A  {Hobabilistic  approach  fa*  the  prediction  of  service  lives  of  engineered  components  and  structures,  designed  for 
operation  in  deleterious  (or  corrosive)  environments,  has  been  described.  Such  an  approach  is  needed  for  making 
stochastically  tight  estimates  (or  predictions)  of  service  life  at  times  or  loading  conditions  that  are  well  beyond  the 
range  containing  typical  supporting  data.  The  meUKXIology  and  utility  of  the  approach  has  been  illustrated  in 
terms  of  pitting  corrosion  and  corrosion  fatigue  crack  growth  for  steels  in  aqueous  environments.  The  model  is  for 
a  single  flaw,  and  the  flaw  growth  is  governed  by  a  model  for  electrochemical  reaction  controlled  pit  and  corrosion 
fatigue  crack  growth,  employing,  for  simplicity,  a  power-law  (Paris-Erdogan)  relationship  for  corrosion  fatigue. 

The  probabilistic  contributions  from  the  material  properties  on  the  times-to-failure  were  assessed  as  functions  of 
applied  stress,  loading  frequency  and  temperature.  The  results  are  qualitatively  consistent,  but  they  are  not 
quantitatively  accurate  because  assumed  parameters  were  used.  Even  so,  this  example  illustrates  that  the  modeling 
ai^Hoach  is  well-suited  for  making  predictions  beyond  the  range  of  laboratory  observations,  and  it  facilitates 
parametric  analysis  which  is  not  possible  with  most  statistical  ^proaches.  The  example  also  clearly  indicates  that 
the  mechanistic  understanding  of  corrosion  fatigue  crack  growth  is  incomplete  and  the  distribution  functions  for 
the  key  variables  have  not  been  characterized  adequately.  It  is  precisely  at  this  point  where  additional  research  to 
further  develop  the  necessary  information  and  understanding  is  needed  in  formulating  a  complete,  rational 
methodology  for  service  life  prediction. 
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It  has  been  shown  that  probability  considerations  and  analysis  must  be  an  integral  part  of  the  modeling  process.  It 
cannot  be  an  ex  post  facto  addition  to  a  mechanistic  study.  Thus,  the  effectiveness  of  the  amxoach  depmtds 
explicitly  upon  the  quality  of  the  mechanistic  understanding  of  the  underlying  failure  proce^  and  upon  the 
appropriate  conjunction  with  probabilistic  modeling  to  describe  the  influences  of  fundamental  random  variables 
(m).  One  of  the  most  critical  aspects  of  the  process  is  the  selection  of  the  internal  and  external  variables,  which 
describe  the  degradation  process,  each  of  which  may  be  random  or  deterministic. 
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Table  1.  The  process 


•  Identification  of  damage  mechanisms 

•  Identification  and  characterization  of  key  (random)  variables 
■*  Variables  -  external  and  internal 

*  Probability  density  functions 

*  Independent  and  dependent 

•  Mechanistic  model  of  damage  process 

*  Functionate  dependent  on  the  key  (random)  variables 

*  Validation  and  range  of  applicability 

•  Joint  probability  density  function  (jpdfi 

•  Mechanistically  based  probability  model  for  life  prediction 

*  Inte^ation  of  the  jpdfmth  the  mechanistic  model 

*  Validation  (beyond  the  supporting  data) 

*  Revise  and  refine 


3580 


Table  2.  Deterministic  parameters  used  in  the  model  for  steel 


steel 

7.8x10* 

molecular  weight  M 

56 

valence  n 

3 

activation  energy  A/^  (kJoule/mol) 

35 

crack  (/owth  exponent 

2 

final  crack  size  (mm) 

3 

temperature  T  (K) 

273.293.313 

400, 600. 800 

frequency  v  (cyc/day) 

4.20 

Table  3.  WeibuU  parameters  used  in  the  model  for  steel 


random  variable 

a 

P 

7 

4 

initial  pit  radius  (m) 

12 

5.0x10*^ 

l.SxlO** 

1.98xl0‘* 

fatigue  coefficient  (m/cyc)(MPaVm)'^ 

8 

2.0x10'^® 

0 

1.77x10*^® 

pitting  current  constant  Ip^  (coul/sec) 

1 

1.2175x10'^ 

1.2175x10*^ 

2.4350x10’^ 

threshold  driving  force  (MPaVm) 

10 

2.102 

1.0 

3.0 

10 

2.628 

1.0 

3.5 

10 

3.153 

1.0 

4.0 

Key  elements  for  the  fonnulation  of  a  mechanistically  based  probiMlity  model  for  life  prediction. 
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2.  Schematic  representation  of  pitting  corrosion  and  corrosion  fatigue. 
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time  (years) 

10‘  10*  10* 


3.  Influence  of  iq|>pUed  stress  on  the  for  die  tiine-to-failuie  at  293K  and  20cyc/day. 


time  (years) 

10*  10*  10* 


4.  Influence  of  af^lied  stress  on  the  cdffot  the  time-to-failure  at  293K  and  4cyc/day. 


3583 


time  (years) 

10~®  iO“‘  10®  10‘  10*  10® 


S.  Influence  of  applied  stress  on  dte  cr^for  the  time-to-transition  at  293K. 
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6.  Relative  contribution  of  the  linie>to-transition  and  the  time-of-crack  growth  on  the  cdf  for  the  time-to-failure 
at  293K  and  600MPa. 
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7.  Influence  of  temperature  on  the  cdf  for  the  time-to-failure  at  4  and  20cyc/day  and  600MPa. 
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time  (yearc) 

lO"*  10"‘  10*  10*  10*  10* 


8.  Influence  of  lemperaluie  on  the  cc^fat  the  lime-to-transilion  at  600MPa. 


time  (years) 


9.  Influence  of  the  mean  threshold  driving  force  on  the  cdf  for  the  time-to-faiiure  at  20cyc/day,  293K,  and 
600MPa. 

time  (jemn) 

10~*  10~‘  10*  10*  10*  10* 


10.  Influence  of  the  mean  threshold  driving  force  on  the  cdf  for  the  time-to-transition  at  293K,  and  600MPa. 
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time  (years) 


II.  Influence  of  the  mean  threshold  driving  force  on  the  flaw  growth  during  pitting  corrosion  and  corrosion 
fatigue  at  20cyc/day.  293K,  and  dOOMPa. 


time  (years) 


time  (days) 


12.  Influence  of  frequency  on  the  flaw  growth  during  pitting  corrosion  and  corrosion  fatigue  at  293K,  and 
dOOMPa. 
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Abstract  I 

Five  copper-nickel  alloys  with  nickel  content  ranging  from  0  w/o  to  100  w/o  were 
electrochemically  investigated  in  sulfide  polluted  seawater  (0  to  100  ppm  The 
purpose  of  this  research  is  to  investigate  the  effect  of  both  the  nickel  content  and  the 
sulfide  ion  concentration  under  a  simulated  impingement  condition.  In  addition,  three 
different  complexing  agents  were  investigated.  It  is  found  that  fuchsin  or  EDTA  can  have 
a  beneHcial  effect  in  r^ucing  the  corrosion  rate. 


Introduction 

Nickel  alloys  and  particularly  copper  nickel  alloys  are  commonly  used  in  seawater 
applications.  A  great  deal  of  research  has  concentrated  on  studying  the  performance  of 
these  alloys  in  tlus  environment  (e.g.  1-3).  The  corrosion  performance  of  these  alloys  has 
been  shown  be  very  suitable  in  marine  service.  Although  these  alloys  have  been  shown  to 
be  highly  suitable  in  unpolluted  seawater,  enhanced  corrosion  in  this  environment  has 
been  shown  to  be  associated  with  sulffde  contamination  (6-8).  These  alloys  were  also 
shown  to  be  susceptible  to  impingement  attack  even  in  unpolluted  seawater  (1  and  3).  As 
indicated  by  Evans  (3)  even  with  the  best  materials  (e.g.  pure  nickel)  there  is  still  risk  to 
corrosion  to  condenser  tubes  if  the  water  used  contains  hydrogen  sulffde  or  cystine 

SCH2CH(NH2)C00H 

I 

S.CH2CH(NH2)CCX)H 

a  substance  derived  from  seaweed.  It  was  concluded  (3)  that  this  trouble  has  not  been 
entirely  overcome.  In  this  investigation  it  is  attempted  to  investigate  the  corrosion 
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behavior  of  nickel  alloy  (0  to  100  w/o)  under  impingement  attack  in  sulfide  polluted 
seawater  (0  to  100  {^mi  S~).  In  addition  the  effects  of  addition  of  various  OTganic  and 
inorganic  complexing  agents  was  undertaken  in  order  to  investigate  a  possiUe  mode  of 
inhibition. 


EXPERIMENTAL  METHODOLOGY 


Test  Spedmens 

Nickel  containing  alloys  including  copper-nickel  specimens  were  supplied  in  the  form  of 
sheets.  The  copper-nickel  alloys  were  90/10  and  70/30  Cu/Ni  (C70600  and  C71500).  In 
addition  pure  copper  and  pure  nickel  were  investigated.  An  aiMitional  alloy  was  investigated 
which  contains  Cu/Ni  in  ^e  ratio  of  30/70.  The  chemical  analysis  of  the  alloys  investigated 
are  shown  in  Table  1 .  The  were  prepared  by  punching  out  of  S/8  inch  disks  for  corrosion 
measurement  and  evaluation.  This  was  follow^  by  a  grinding  process  of  the  surface  of  each 
specimen  according  to  ASTM  standards. 

Testing  Conditions 

Experiments  of  corrosion  measurement  were  conducted  utilizing  standard  seawater.  This 
was  prepared  with  distilled  water  and  standard  seawater  salt  Standard  seawater  salt 
(Marinemix  +  Bio-Elements  from  Wiegandt  GMBH  &  Co.  F.  R.  Germany)  was  used  to 
reduce  the  variability  effects  resulting  from  conducting  measurements  using  natural 
seawater.  Experiments  were  also  conducted  in  sulfide  polluted  seawater.  The  su^de  was 
introduced  using  research  grade  sodium  sulfide  (Na2S).  The  level  of  sulfide  in  the 
seawater  was  checked  by  the  iodimetric  method  of  analysis.  Various  experiments  were 
performed  as  shown  in  Table  2.  The  specification  of  organic  and  inorganic  complexing 
agents  (analytical  grades)  used  in  this  study  are  shown  in  Table  3. 


Testing  Equipment  and  Procedure 

Electrochemical  corrosion  measurements  were  made  at  20  °C  for  all  the  previously 
mentioned  conditions,  using  a  computer  controlled  Potentiostat  /  Galvanostat  (EG&G).  A 
modified  electrochemical  corrosion  testing  cell  was  used  where  a  combination  of  a 
circulating  pump  and  a  jet  nozzle  (diameter  =  0.001  m)  was  set  up  to  simulate  jet 
impingement  attack  as  was  shown  in  Figure  1.  The  stream  velocity  was  measured  at  Ae 
tip  of  the  nozzle  and  was  found  to  be  6.1  m/s.  The  separating  distance  between  the  tip  of 
the  nozzle  and  the  working  electrode  was  fixed  at  3  mm.  Preliminary  corrosion 
measurements  were  always  p^ormed  after  four  hours.  Also,  repeated  linear-polarization 
measurements  were  performed  on  all  the  specimens  after  four  hours  of  exposure  to  the 
environment  and  the  values  of  polarization  resistance  (Rp)  were  detomined.  Cyclic 
voltammograms  sweep  were  also  performed  to  check  the  susceptibility  to  localized 
attack.  The  electrochemical  tests  were  run  with  a  saturated  Calomel  Reference  Electrode 
(SCE).  The  stability  of  the  SCE  was  checked  following  each  experiment  against  a  fresh 
SCE  to  ensure  the  reliability  of  the  experiments.  The  scan  rate  of  the  experiments  was 
0. 166  mV/sec.  The  experiments  were  conducted  repeatedly  under  the  same  environmental 
conditions  in  order  to  obtain  reproducible  results.  In  unpolluted  seawater,  reproducibility 
was  good.  In  polluted  seawater,  reproducibility  of  the  Tafel  slopes  were  poor,  which  is 
consistent  with  reported  results  in  the  literature  (4). 
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RESULTS  AND  DISCUSSION 


Influence  of  Sulfide  Concentration 

Figure  2  shows  the  ieci]vocal  of  the  polarization  resistance  of  nickel-cq^)er  alloys  in 
suUide  polluted  seawater.  It  is  clear  that  sulflde  is  very  deleterious  to  the  aUoys  widi  low 
nickel  content.  The  sulfide  is  most  deleterious  for  pure  copper  and  least  influential  for 
pure  nickel  alloys.  It  can  be  seen  that  as  the  sulflde  concentration  is  increased,  dioe  is  a 
gradual  increase  in  the  electrochemically  determined  corrosion  rate.  This  is  particularly 
true  for  alloys  with  lower  nickel  content.  Thus  for  30Cu:70Ni  and  pure  nickel  the 
deletoious  effect  of  sulfide  is  not  influenced  by  sulfide  concentration.  This  mcne  clearly 
shown  in  Figure  3.  Reasonable  protection  against  sulfick  attack  is  achievnl  beyond  30% 
nickel.  This  is  in  agreement  with  the  results  which  are  shown  in  reference  (9)  for  these 
alloys  in  unpolluted  seawater. 


Mechanism  of  Corrosion  in  the  presence  of  Sulfide 

In  Figure  4  the  anodic  Tafel  slopes  for  the  effects  of  variations  in  sulfide  concentrations 
and  nickel  content  of  the  alloys  are  shown.  It  can  be  concluded  that  for  the  copper- 
nickel  alloys  ranges  between  ^  to  100  mV  per  decade  consistent  with  reported  values  for 
electrochemical  reactions  (9).  This  trend  breaks  for  alloys  with  low  nickel  content  in 
highly  polluted  seawater  (e.g.  100  ppm  S=).  This  can  be  due  to  the  formation  of  dense 
sulfide  corrosion  product  which  even  under  jet  impingement  condition  still  persists  at  the 
surface  which  is  associated  with  alloys  with  high  copper  content  In  this  case  there  is  a 
shift  in  the  corrosion  potential  to  a  very  high  active  corrosion  potential  as  shown  in 
Figure  S  (i.e.  -900  mV).  Figure  5  shows  that  in  unpolluted  seawater,  increasing  the  nickel 
content  results  in  a  shift  in  the  corrosion  potenti^  in  the  noble  direction,  indicating  the 
formation  of  a  more  passive  layer  with  increasing  nickel  content  This  is  also  true  when 
sulfide  is  present  It  should  be  noted  that  generally  increasing  the  sulfide  concentration 
will  render  these  alloys  more  active  for  alloys  with  high  nickel  content  However,  for 
alloys  with  low  nickel  content  and  for  low  sulfide  concentration  there  is  a  tendency  for 
the  alloys  exhibit  a  ^lift  in  the  noble  direction.  This  supports  the  idea  that  the  mechanism 
of  corrosion  reaction  is  coupled  to  the  amount  of  nickel  present  (2).  This  effect 
particularly  important  on  the  cathodic  reaction.  This  is  clearly  shown  in  Figure  6,  where 
the  cathodic  Tafel  slopes  for  alloys  with  lower  nickel  content  differs  fi'om  those  with  high 
nickel  content  (e.g.  greater  than  30%). 


Table  4  gives  the  slope  of  the  reciprocal  of  the  polarization  resistance  with  the  sulfide 
concentration.  At  high  sulfide  concentration,  the  corrosion  rate  is  practically  independent 
on  the  sulfide  concentration.  This  is  also  true  for  low  sulfide  concentrations  for  alloys 
containing  high  nickel  content.  However,  the  alloys  become  highly  sensitive  to  sulfide 
concentration  at  lower  sulfide  concentrations  and  as  the  nickel  content  is  decreased.  From 
Table  S,  it  can  be  seen  that  at  low  sulfide  concentration  (<10  ppm)  the  alloys  with  lower 
nickel  content  become  more  active  with  increasing  sulfide  concentration,  ^ile,  at  high 
sulfide  concentration  (>10  ppm)  these  alloys  tend  toward  nobility  with  increasing  sulfide. 
At  high  sulfide  concentration  (>10  ppm),  the  alloys  are  tending  toward  nobility  at  a 
decreasing  rate  with  increasing  nickel  content 
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Effects  of  Compleung  Agents 

Figures  7  to  10  show  the  influence  of  various  con^lexing  agents  on  tl»  corrosion  rate. 
Hgure  7  and  8,  show  that  the  effect  of  addition  of  S  ppm  fuchsin  and  200  ppm  EDTA 
respectively.  It  is  clear  that  both  of  these  organic  complexing  agents  are  effective  in 
reducing  the  corrosion  rate.  It  was  also  possible  to  achieve  a  corrosion  rate  lower  dian 
even  unpolluted  seawater  as  in  the  case  of  pure  copper.  While  ferric  ions  (100  ppm) 
alone,  as  shown  in  Hguie  9,  or  in  combination  with  200  ppm  EDTA,  as  shown  in  Figure 
10,  increases  the  corrosion  rate  over  the  whole  range  of  nickel  content  (i.e.  0.0  to  100 
w/o).  Thus  ferric  ions  can  be  classified  as  a  stimulahw  for  the  corrosion  reaction. 


Effects  of  Complexing  Agents  on  localized  Corrosion 

The  extent  of  localized  attack  was  evaluated  using  potentiodynamic  scanning  or  cyclic 
voltammograms  (10)  in  the  p^iesence  of  various  complexing  agents  in  2  ppm  sulflde 
polluted  seawater.  It  is  shown  in  Table  6  that,  in  the  presence  of  fuchsin  or  EDTA,  alloys 
with  high  nickel  content  are  susceptible  to  localized  attack.  WhUe  at  low  nickel  content 
(i.e.  0.0  to  30  w/o),  localized  attack  is  limited.  Although  ferric  ions  alone  or  in 
combination  with  EDTA  are  stimulator  for  corrosion  reaction  where  they  increase  the 
corrosion  rate  by  an  order  of  magnitude  as  shown  in  Figures  9  and  10,  the  susceptibility 
to  localized  attack  was  low. 


Mechanism  of  Corrosion  in  the  presence  of  Complexing  Agents 

In  Table  7  shows  the  anodic  Tafel  slopes  for  unpolluted  and  sulfide  poUuted  seawater 

containing  various  complexing  agents.  It  is  seen  that  Pa  for  unpolluted  seawater  is  around 
59  mV/decade  independent  of  the  nickel  content  In  the  presence  of  2  ppm  sulfide 
polluted  seawater  the  Tafel  slopes  shift  to  around  100  mV/decade.  This  indicates  that  in 
the  presence  of  sulfide  the  rate  determining  step  of  the  anodic  reaction  changes  from  two 
electrons  charge  transfer  to  one  electron  charge  transfer  reaction.  However  in  sulflde 
polluted  seawater  the  addition  of  fuchsin  will  change  the  rate  determining  step  of  the 
anodic  reaction  to  one  electron  transfer  reaction.  However,  the  addition  of  EDTA  or  ferric 
or  a  combination  of  the  two,  the  corrosion  mechanism  of  the  anodic  reaction  is  not 
significantly  affected.  In  support  of  this  mechanism  are  the  corrosion  potential  values 
shown  in  Table  8  which  indicate  that  in  unpolluted  seawater  and  in  polluted  seawater 
containing  fuchsin,  the  corrosion  potential  gradually  shift  in  the  noble  direction  with 
increasing  nickel  content  This  is  the  situation  where  the  corrosion  reaction  is  under 
cathodic  control.  It  can  be  concluded  from  Table  9  that  in  sulflde  polluted  seawater  with 
or  without  additives  the  cathodic  partial  reactions  are  under  diffusion  control  since  the 
cathodic  Tafel  slopes  approaches  infinite  value  for  most  of  the  cases  investigated. 
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Condusions 


The  following  conclusions  can  be  drawn  on  the  corrosion  of  nickel  alloys  in  sulfide 

polluted  seawater  under  jet  impingement  conditions : 

•  Sulfide  is  shown  to  be  very  corrosive  toward  nickel  alloys  with  low  nickel 
content 

•  The  effect  of  suMde  toward  nickel  alloys  is  strongly  influenced  by  both  the 
sulfide  concentration  and  the  nickel  content 

•  The  effect  of  nickel  in  improving  the  corrosion  resistance  in  sulfide  polluted 
seawater  is  related  to  the  effect  of  nickel  on  the  cathodic  part  of  the  corrosion 
reaction. 

•  It  is  shown  that  complexing  agents  such  as  fuchsin  and  EDTA  can  greatly 
improve  the  corrosion  resistance  these  aUoys  under  these  conditions.  However,  at 
high  nickel  content  these  complexing  agents  might  lead  to  enhanced  susceptibility 
toward  localized  attack. 

•  Ferric  ions  addition  alone  or  in  combination  with  EDTA  can  enhance  the 
electrochemically  determined  corrosion  rate  under  these  conditions.  However,  in 
the  presence  of  ferric  ions,  the  susceptibility  to  localized  attack  was  unlikely. 
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table  1 

The  Chemical  Analysis  of  the  Alloys  Investigated. 


Alloy 

Composition  | 

9fcNI 

^6Fe 

Cu 

- 

- 

•  1 

88 

1.4 

1  CDA715 

■HSSflH 

\mmsmumm 

351 

ST7 

r97 

TABLE  2 

The  Environmental  Test  Matrix  for  the  Two  Alloys  undor  Investigation. 


TESTING 

90/10 

70/30 

30/70 

Pure 

CONDITIONS 

Cu/Ni 

Cu/Ni 

Cu/Ni 

Nickel 

UNPOLLUTED  SEAWATER 

V 

>/ 

V 

POLLUTED  SEAWATER 

2PPMS= 

V 

V 

< 

V 

10PPMS= 

V 

< 

< 

< 

100  PPM  S= 

V 

■■ 

V 

V 

V 

2  PPM  S=  POLLUTED  SEAWATER 

5PPMFUCHSIN 

V 

V 

V 

200PPMEDTA 

V 

V 

V 

V 

100  PPM  FERRIC 

V 

V 

V 

V 

200  PPM  EDTA  +  100  PPM  FERRIC 

V 

V 

■■ 

V 

V 
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TAPLE3 

The  Organic  Complexing  Agent  Used  in  the  Present  Investigation. 


Abbreviation 

Chemical  Name 

Chemical  Formula 

Molecular 

Weight 

EDTA 

Ethylene  Diamine  Tetra-acetic 

Acid-diasodium  salt 

(CH2.N(CH2.COOH).CH2.COONal2. 

2H2O 

372.24 

Fuchsin 

Fuchsine  basic;  Magenta; 

Rosaniline 

Methanol,(4-amino-3- 

methylphenyl)-bis(4-amino- 

phenyl) 

C20H21N3O 

282.66 

Ferric  Ions 

Iron  (HI)  Chloride 

Hexahydrate 

Fea3-6H20 

270.1 

TABLE 4 

The  slope  of  the  reciprocal  of  the  polarization  resistance  with  sulfide  concentration. 


Nickel  Content 

w/o 

— ^  kQ-lcm-2ppm-l 

_ _  - _ 

mm\  iTi 

high  sulfide  concentration 

~  0.0 

~  0.0 

HHHlHQlfilHiiHH 

~  0.0 

~  0.0 

EB^S5 

~  0.0 
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The  exKn.  of  locidiz^k 

rcsence  of  various  extraneous  ions  oy  >  _ _ 


7 


%  Nickel 


^  '  HfilIR£2 

The  tendency  to  coirode  (1/Rp)  in  sulfide  poUoted  seawater  under 
impingement  attack  as  a  ftmction  of  nickel  content 


Sulfide  Concentration  (ppm) 


BSUBEJ 

The  tendency  to  corrode  ( l/I^)  in  sulfide  polluted  seawater  under 
impingement  attack  as  a  nmction  of  sulfide  concentration. 
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F1GURE4 

The  indie  Tafd  slope  of  the  nickel  alloys  in  sulfide  poUuled  seiwtier  under 
impingement  attack  as  a  fimedon  of  nicwl  oontent 


Fiicaafij 

The  coiTOsion  potential  of  the  nickel  alloys  in  sulfifc  polluted  seawater  under 
impingement  attack  as  a  function  of  nickel  content 
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nGURE6 

The  cathodic  Tafel  slope  of  the  nicke!  alloys  in  sulfide  polluted  seawater  under 
tnqtingement  attack  as  a  function  of  nickd  content 


EKiL[E£I 

The  effect  of  fiichsin  addition  on  the  tendency  to  corrode  (1/Rp)  in  sulfide  polluted 
seawater  under  inqnngeiiient  attack  as  a  function  ni^l  content 
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The  effect  of  EDTA  additiofi  on  the  tendency  to  conode  (l/Ra)  ia  mUide  polhitrd 
seawater  under  impingement  amck  ts  a  function  of  moel  GomenL 


%  Nickel 


FIGURES 

The  effect  of  ferric  ions  addition  on  the  tendency  to  corrode  (1^)  in  sulfide  polluted 
seawater  under  impingemem  attack  as  a  function  of  nicBBl  content 
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%  Nickel 


HGURE  10 

The  effect  of  the  addition  of  a  combination  of  ferric  ions  and  EDTA  on  the  tendency  to 
corrode  (1/Rp)  in  sulfide  polluted  seawater  under  impingement  attack  as  a  function  of 

nickel  content. 
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Abstract 

This  paper  presents  an  investigation  of  the  erosion-corrosion  and  cavitation-corrosion 
behaviour  of  noduls^  cast  iron  in  seawater.  The  investigation  stemmed  from  a  failure  analysis 
of  cast  iron  globe  valves  which  were  used  in  flowing  seawater  cooling  systems  of  a  petroleum 
refinery.  Under  stagnant  conditions,  the  corrosion  rate  was  very  low  and  thin  scales  were 
formed,  while  there  was  a  sharp  increase  in  the  corrosion  rate  and  thick  scales  were  formed 
under  flow  conditions.  Removal  of  the  scales  revealed  that  corrosion  was  more  intensive 
around  graphite  nodules.  The  cavitational  corrosion  rate  was  found  to  be  38  times  higher  than 
that  under  erosion-corrosion  conditions  and  the  cavitation  damage  initiated  at  the  ferrite  phase 
in  addition  to  the  graphite  nodules.  Ilie  mechanical  factor  was  found  to  override  the 
electrochemical  factor  during  cavitation.  The  application  of  cathodic  protection  was  found, 
however,  to  decrease  the  mass  loss  rate  by  about  50%.  In  the  absence  of  applied  protection 
methods,  nodular  cast  iron  was  found  not  to  be  suitable  as  a  valve  material  for  refinery  service 
in  the  Arabian  Gulf  seawater. 

Key  terms:  erosion-corrosion,  cavitation-corrosion,  nodular  cast  iron,  seawater 


Introduction 

Cast  irons  remain  to  be  the  most  important  and  versatile  materials  for  the  manufacturing  of 
valves  although  in  some  industries  they  are  slowly  being  supplemented  by  more  expensive 
alloys.  There  is  no  economic  alternative  to  the  extremely  attractive  cost/life  ratio  of  Ae  cast 
irons  despite  some  limitations  in  brittleness,  ductility,  and  pressure  performance.  Cast  iron 
globe  valves  are  used  worldwide  for  flow  regulations  of  seawater.  One  of  the  major  needs  of 
designers  is  knowledge  of  the  operating  limitations  imposed  by  flow-d^endent  corrosion 
phoiomena.  As  higher  rates  of  flow  are  introduced,  specific  types  of  corrosion  often  appear, 
namely,  corrosion  due  to  mass  transfer,  erosion-corrosion,  and  cavitation-corrosion^'^.  These 
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types  of  oMTOsion  are  described  according  to  their  appearances  and  causes  which  are  brought 
idiout  by  the  flow  mechanics  of  the  system. 

This  article  presoits  the  results  of  a  study  conducted  to  compare  the  erosion-corrosion  and 
cavitaticm-corrosion  bdiaviour  of  nodular  cast  iron  in  Arabian  Gulf  seawater.  The  study 
stemmed  from  a  failure  analysis  which  was  carried  out  on  globe  valves  of  sizes  3-,  4-,  and  ^ 
in.  (7.62,  10.16,  and  1S.24  cm,  respectively)  used  in  the  return  lines  of  seawater  heat 
exchangers  of  a  petroleum  refinery  in  Kuwait^.  Several  of  these  valves  failed  within  just  rtx 
months  of  service,  altiuHigh  the  expected  service  life  was  three  to  five  years.  It  was  suqiected 
that  the  qimting  seawater  flow  velocity  exceeded  the  design  value  and  cmsequently  led  to  die 
early  failures.  Therefore,  it  was  deemed  desirable  to  compare  the  corrosion  bdiaviour  under 
stagnant,  erosion  and  cavitation  conditions. 

Experimental 

Erosion-corrosion  tests  were  conducted  using  an  ajqiaratus  similar  to  that  used  by  Molgaard^. 
The  apparatus  consisted  of  a  wheel  that  rotated  in  a  tank  containing  an  arrangement  of  baffles 
to  inhibit  the  movemrat  of  seawater  in  the  directitm  of  rotation  of  the  wheel.  Tlie  wheel  and 
baffles  were  made  of  perspex  and  the  shaft  was  made  of  stainless  steel.  The  test  specimens  of 
nodular  cast  iron  were  mounted  on  the  wheels  using  nylon  screws  to  avoid  galvanic  corrosion. 
Arabian  Gulf  seawater  was  used  in  testing.  It  was  slowly  refreshed  every  48  h  in  an  external 
tank  connected  to  the  testing  tank. 

The  test  specimens  were  machined  from  the  base  of  a  failed  valve.  They  were  rectangular  in 
stuqx,  measuring  3  cm  in  length,  2.3  cm  in  width,  and  0.65  cm  in  thickness.  An  average  area 
of  12.5  cm^  of  each  specimen  was  exposed  to  the  seawater.  The  tests  were  carried  out  at 
rotational  speeds  of  300,  650  and  1(XX)  rpm  (2.5,  5.4,  and  8.3  m/s,  respectively)  at  room 
temperature.  The  mass  loss  was  determined  by  calculating  the  difference  in  weight  before  and 
after  cleaning  in  Clark's  solution  for  two  specim^s  taken  out  of  the  ^paratus  at  each  interval 
of  time.  The  mass  of  the  scales  as  well  as  the  corrosion  rate  in  stagnant  seawater  were  also 
determined. 

Cavitation  tests  were  carried  out  at  a  frequency  of  20  kHz  and  an  amplitude  of  25  |im,  using 
an  ultrasonically  induced  cavitation  facility.  The  test  specimens  were  also  cut  from  a  failed 
valve.  They  had  a  diameter  of  1.59  cm  and  a  thickness  of  about  0.27  cm.  They  were  either 
attached  or  unattached  to  the  apparatus  horn.  When  they  were  not  attached  to  the  horn,  they 
were  mounted  on  a  special  holder  which  was  placed  at  a  distance  of  0. 125  cm  from  the  horn. 
Before  testing,  all  specimens  were  mechanically  polished  with  silicon  carbide  papers  up  to 
12(X)  grit.  They  were  subsequently  cleaned,  degreased,  and  then  weighed  before  and  after 
testing.  For  morphological  studies,  some  specimens  were  etched  in  3%  nital  etchant  solution 
before  testing. 

Some  cavitation  tests  were  conducted  under  cathodic  protection  to  eliminate  the  effect  of 
electrochemical  dissolution.  In  these  tests,  the  specimens  were  polarized  potentiostatically  at  - 
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so  mV  with  reqwct  to  the  h«e  corrosion  potential  value.  Linear  penalization  lesi^ance 
technique  was  also  used  to  determine  the  electrochemical  corrosion  rate.  Saturated  calomel 
reference  and  gra^te  counter  dectrodes  were  used  in  these  expmments. 


After  testing,  detailed  morphdogical  examinations  were  made  on  the  qiecimens  using  optical 
microscopy  and  scanning  electron  microscopy  (SEM). 

Resutts 


Erosioii-corrosion  Tests 

Figure  1  shows  the  rate  of  mass  loss  of  nodular  cast  iron  as  a  function  of  time  and  seawater 
flow  velocity.  The  rate  of  mass  loss  sharply  increases  with  time  until  a  peak  is  reached  after 
about  3  d  of  testing,  which  is  then  followed  by  a  gradual  decrease  until  almost  a  steady  state  is 
attained  after  about  21  d  of  exposure.  The  rate  of  mass  loss  at  the  peak  increases  with  the 
increase  in  the  seawater  flow  velocity.  The  rate  of  mass  loss  at  the  steady  state  is  almost  the 
same  at  flow  velocities  of  S.4  and  8.3  m/s,  and  is  slightly  higher  than  thd  at  2.5  m/s.  Under 
stagnant  condition,  the  mass  loss  was  low  and  the  rate  amounted  to  0. 14  mg/cm^/d. 

In  stagnant  seawater,  a  loosely  adherent  corrosion  product  layer  was  formed  on  the  surface  of 
the  material.  The  layer  was  smooth  and  mostly  dark  grey  in  colour.  In  flowing  seawater,  a 
fairly  uniform  and  thin  reddish-brown  scale  was  initially  formed.  The  scale  was  similar  to  that 
observed  during  testing  in  stagnant  seawater  but  was  considerably  more  adherent  to  the 
surface.  After  a  few  days  of  testing,  small  portions  of  the  scale  became  swollen  and  then 
started  to  flake  off.  Parallel  markings  representing  seawater  flow  pattern  developed  in  the 
scales  after  7  d  of  exposure.  After  14  d  of  exposure,  the  scales  became  relatively  thick,  and  in 
some  areas  the  swollen  blisters  flaked  off  showing  either  bare  metal  or  a  surface  covered  with 
a  thin  scale  layer  (Figure  2).  When  the  testing  time  was  increased  up  to  25  d,  the  overall 
appearance  of  the  scales  remained  the  same.  However,  a  second  scale  layer  was  observed 
filling  the  flaked  blisters.  Table  1  shows  the  mass  of  the  adhered  scales  at  the  different  flow 
velocities.  In  general,  the  increase  of  exposure  time  leads  to  an  increase  in  the  mass  of  the 
scale  until  about  17  d  of  exposure,  after  which  a  further  increase  of  exposure  time  significantly 
increases  the  mass  of  the  scale. 

Microscopic  examination  of  the  metal  surface  after  removal  of  the  scale,  which  was  formed 
during  7  d  of  exposure  to  the  flowing  seawater,  revealed  that  the  corrosion  attack  had  a 
localized  nature  and  was  more  intensified  around  the  graphite  nodules  below  the  swollen 
blisters  (Figure  3).  The  appearance  of  the  metal  after  removal  of  the  scale  was  almost  the  same 
at  the  differrat  velocities.  The  localized  attack  was  found  to  spread  laterally  after  15  d.  At  this 
stage,  the  surface  became  rough.  The  spreading  of  this  attack  was  noticed  to  be  associated  with 
loosening  and  removal  of  neighboring  graphite  nodules.  After  25  d  of  exposure,  the  same 
morphological  features  were  found.  However,  the  corrosion  around  the  graphite  nodules 
spr^  over  the  surtiiu^  and  increased  in  dq)th. 
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CavitatioB-ConrQsioB  Tests 


The  mass  loss  as  a  funetkm  of  time  of  the  nodular  cast  iron  specimens,  wh^her  attached  or 
unattached  to  the  horn  of  the  cavitation  apparatus  was  followed  for  about  400  min.  of  te^g 
in  seawater.  Figure  4  shows  that  the  mass  loss  rate  initially  increases  r^idly  until  it  reaches  a 
maximum  value  after  about  1  min,  decreases  sharply  up  to  about  4-6  min.,  and  then  decreases 
more  slowly  until  reaching  a  steady  state  after  12-20  min.  of  cavitatimi.  The  mass  loss  values 
were  higher  for  the  attached  specimens  than  for  the  unattached  ^pecimois. 

Other  mass  loss  experiments  were  conducted  on  unattached  q)ecimen3,  wherein  protection,  by 
impressed  cathodic  current,  was  s^jplied  during  cavitation  testing.  The  results  indicated  that  at 
the  steady  state  the  rate  of  mass  loss  under  cathodic  protection  (cavitation  erosion  rate) 
amounted  to  0.026  mg/cm^/min.  as  compared  to  0.QS2  mg/cm^/min.  under  free  corrosion 
conditions  (cavitation  corrosion  rate). 

The  polarization  resistance  of  cast  iron  exposed  to  cavitation  or  quiescent  conditions  in 
seawater  was  determined  as  a  function  of  time.  The  electrochemical  corrosion  rates  were 
computed  and  the  results  are  given  in  Figure  S.  It  is  clear  that  the  corrosion  rate  under 
quiescent  conditions  was  almost  constant  throughout  the  test  and  was  considerably  lower  than 
that  of  the  cavitated  specimens  whether  attached  or  unat^hed. 

During  the  first  nunute  of  cavitation  testing,  the  surface  was  bright,  and  dams^e  could  not  be 
identified  visually.  After  cavitation  for  2-10  min.,  the  specimens  showed  erosion  markings  in 
the  form  of  radisil  rays  pointing  towards  the  specimen  periphery  (Fig.  6a).  After  expe^ure  for 
longer  periods,  cavitation  took  the  form  of  deep  craters  and  cavities  over  the  entire  surface  of 
the  specimen  (Fig  6b).  For  attached  specimens,  the  damage  was  observed  after  shorter 
exposure  times  than  for  unattached  specimens. 

SEM  examinations  were  carried  out  on  the  attached  specimens  to  determine  the 
micromorphology  of  the  cavitation  damage.  After  1  min.  of  cavitation,  localized  areas  suffered 
from  surf^  damage:  some  gr^hite  nodules  were  fragmented  and  others  were  completely 
removed,  leaving  circular  craters  of  cavities;  the  surrounding  matrix  remained  smooth  and 
unattacked  (Figure  7a).  After  5  min.,  microcavities  (erosion  pits)  appeared  in  the  matrix  of  the 
attacked  areas  together  with  other  cavities  caused  by  the  loss  of  graphitic  nodules.  The  erosion 
pits  were  randomly  scattered  in  the  matrix  and  were  unrelated  to  the  graphite.  Their  diameter 
was  about  2  pm  compared  with  the  30-80  pm  diameter  of  the  cavities.  After  10  min.,  the  areas 
of  localized  attack  became  more  pronouned,  with  increasing  numbers  of  cavities,  micropits, 
and  surface  deformations  (undulations).  After  30  min.,  further  mechanical  damage  to  the 
surface  appeared;  the  attacked  areas  became  larger,  more  distorted  and  engulfed  the 
microcavities.  Longer  cavitation  testing  (5.S  h)  led  to  non-uniform  surface  erosion  and  showed 
ductile  removal  of  material  from  the  matrix  (Figure  7b)  and  cracks  (Figure  7c)  that  passed 
through  areas  of  the  matrix  where  a  cluster  of  graphite  nodules  had  been  removed. 
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The  above  characteristics  of  the  cavitation  damage  woe  similar  for  the  attached  and  unattadied 
qwcimens  as  well  as  for  cavitaled  qiecimens  under  cathodic  protection.  However,  the  time 
needed  to  reach  a  certain  stage  of  damage  was  longer  in  tiie  case  of  unattached  ^Kcimens  or 
under  cathodic  protection. 

Specimens  cavitated  for  S.S-6  h  were  cross-sectioned  and  optically  examined.  Fot  tiie  attadied 
and  unattached  q)ecimens,  the  cross-sections  showed  some  diffoences  in  roughness  profiles. 
The  attached  ^>ecimens  had  fewer  but  deeper  craters  than  the  unattached  ones.  Examination  of 
the  attached  q>ecimais  showed  cracks  3-2lMm  long  that  propagated  into  the  matrix  (Figure 
8a).  These  cracks  originated  at  the  bottom  of  non-uniform  deep  craters,  O.QS-0.2  mm  in  dq)th 
and  0.2-0.S  mm  in  width.  Other  subsurface  cracks  which  did  not  originate  from  the  eroded 
surface  were  also  found  in  the  matrix  (Figure  8b).  All  crack  forms  that  were  observed  in  tte 
attached  specimois  were  also  found  in  the  umutached  ^)ecimens. 

Disoission 

Effect  of  Flow  on  Corrosion  Morphology 

In  general,  erosion-corrosion  or  cavitation-conosim  damage  increases  in  corrosive  liquids 
such  as  seawater  due  to  the  combined  actim  of  the  electrochemical  corrosion  and  the  fluid 
mechanical  component^.  Arabian  Gulf  seawater  seems  to  be  more  aggressive  than  other  water 
bodies^.  It  contains  higher  salt,  different  pollutants  such  as  sulfide,  ammonia,  and  organic 
materials,  as  well  as  suspended  matters  such  as  sand  and  silt.  Other  fM^tors  include  die  hot 
climate  and  wide  variations  in  seasonal  temper^res. 

The  failure  investigation^  revealed  that  the  4-  and  6-in.  valves  (10.16  and  1S.24  cm, 
respectively)  suffered  from  both  general  and  localized  ctHTOsion  enhanced  by  the  flowing 
seawater.  The  presence  of  voluminous  corrosion  products  in  these  two  valves  indicated  that  the 
flow  conditions  inside  these  two  valves  were  not  severe  and  falls  within  the  domain  of 
corrosim)  due  to  enhanced  mass  flow.  This  conclusion  is  supported  by  the  present  erosion- 
corrosion  work  where  thick  scales  were  formed  during  testing  in  seawater.  Corrosion  blistm 
and  cracked  blisters  were  also  observed  on  the  scales.  It  is  worth  noting  that  under  stagnant 
seawater  condition  the  scales  were  very  thin  and  no  blisters  were  observed.  The  cracking  of 
the  blisters  in  flowing  seawater  exposed  the  underlying  metal  to  further  corrosion  whidi  was 
more  intensive  around  the  grsqrfute  nodules.  Lotz,  et  al.,^  observed  that  bulky  surflux  layers 
were  formed  in  chloride  solutions  at  velocities  up  to  10  m/s,  while  at  higher  flow  velocities  the 
surface  layer  was  thin  and  mote  adherent. 

The  3-in.  (7.62  cm)  valve,  on  the  other  hand,  was  shown^  to  have  been  exposed  to  a  high 
turbulent  flow,  enhanced  may  be  by  its  small  size  and  globe  design.  This  was  evident  in  the 
presoice  of  cavities  and  cracks  within  the  material.  The  present  laboratory  cavitation  work 
rqnoduced  the  same  morphological  features  which  were  observed  in  the  3-in.  valve.  The 
damage  in  laboratory  testing  appeared  as  fragmentation  of  griq)hitic  nodules  and  complete 
removal  of  some  nodules,  leaving  surface  cavities.  As  cavitation  time  increased,  erosion  pits 
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appeared  randomly  on  the  ferrite  matrix.  Thus,  cavitation  dam^e  in  cast  iron  not  only 
initialed  at  graphite  nodules  as  moitioned  by  Okada  and  co-workers^  but  also  in  die  ferrite 
matrix.  The  cavities  in  the  ferrite  matrix  appeared  to  be  due  to  ductile  tearing  caused  by  the 
sudden  collsq>se  of  the  liquid  bubles.  It  is  worth  noting  that  surface  cracks  also  initiated  at  the 
eroded  surface  and  propagated  into  the  matrix.  These  cracks  were  similar  to  those  {Hoviously 
observed  in  the  failed  3-in.  valve. 

Effect  (d  Flow  on  Rate  of  Mass  Loss 

The  results  of  the  laboratory  work  indicate  that  the  mass  loss  rate  curves  during  erosion- 
corrosion  and  cavitation-corrosion  show  three  zones:  the  accumulation  zone,  in  which  the  mass 
loss  rate  increases  to  a  maximum;  the  attenuation  zone  in  which  the  mass  loss  rate  decreases; 
and  the  final  steady  state  zone.  Many  investigatorsl  1  believe  that  the  mass  loss  rate  in  the 
steady  state  regime  is  the  most  important,  since  it  depends  on  the  characteristics  of  the  material 
itself  and,  thus,  is  usually  taken  for  comparison  and  correlation  purposes,  the  other  zones 
depend  on  specimen  surface  condition,  geometry,  test  conditions  and  temperature. 

Under  erosion-corrosion  conditions,  the  steady  state  corrosion  rate  was  about  18  times  that 
obtained  under  stagnant  conditions.  The  decrease  in  the  mass  loss  following  the  peak  can  be 
attributed  to  the  increase  in  the  thickness  of  the  scales  in  addition  to  the  scales  becoming  more 
compact  after  long  exposure  to  the  seawater^>^.  Thus,  at  a  certain  stage,  the  corrosion  product 
layer  serves  as  a  barrier  and  retards  further  corrosion.  Under  these  conditions,  phase-boundary 
reactions,  pore  diffusion  in  the  scale  layer^,  as  well  as  the  mechanical  destruction  of  the  scale 
are  all  participating  in  controlling  the  corrosion  process.  In  other  words,  the  rate  of  damage  is 
predominantly  electrochemically  controlled. 

At  the  steady  state,  the  mass  loss  rate  during  cavitation-corrosion  of  attached  specimens  was 
found  to  be  38  times  that  during  erosion-corrosion.  The  results  of  the  cavitation  study  also 
indicate  that  the  mass  loss  rates  for  the  attached  specimens  are  25%  higher  than  those  for 
unattached  specimens.  These  results  can  be  explained  on  the  basis  that  material  removal  as  a 
result  of  cavitation  (mechanical  and  electrochemical  action)  is  much  higher  than  that  due  to 
enhanced  mass  flow  such  as  durins  erosion-corrosion  and  that  the  attached  specimen  is 
exposed  to  an  extra  mechanical  factor^^. 

The  results  obtained  under  cathodic  protection  may  throw  some  light  on  the  separation  of  the 
electrochemical  corrosion  and  the  mechanical  deterioration  of  the  material  due  to  cavitation. 
The  lowest  possible  cathodic  potential  was  applied  so  that  hydrogen  evolution  was  limited.  In 
this  situation,  the  possibility  of  a  reduction  in  the  bubble  collapse  pressure  due  to  the 
cushioning  effect  of  hydrogen  is  dimirushed^^.  Table  2  shows  the  mass  loss  rates  obtained 
under  different  conditions  of  testing.  It  is  clear  that  the  mass  loss  rate  of  a  cavitated  specimen 
under  cathodic  protection  is  about  50%  lower  than  that  in  the  free  corrosion  condition 
(Wj).  The  difference  between  these  two  values  (WfWc)  =  W)  should  be  equivalent  to  the 
electrochenucal  corrosicm  rate  (W^)  of  the  alloy.  However,  as  ^own  in  Table  2, 
anKMinted  to  less  than  0.001%  of  W.  In  other  words,  W  cannot  be  related  only  to 
electrochemical  corrosion.  Consequently,  the  only  available  explanation  is  that  the 


3605 


dectrochemical  factcv  must  have  enhanced  die  mechanical  damage  and  thus  led  to  much  higher 
mass  loss  than  the  sum  of  W^.  and  W^. 

A  comparison  of  the  electrochemical  ctMTOsion  rate  obtained  under  quiescent  condition  (Wq) 
with  diat  under  cavitation  cmidition  (W^)  reveals  that  the  rate  increases  by  about  six  times  due 
to  cavitation.  This  is  expected  as  the  kinetics  of  the  electrode  process  are  enhanced  by 
cavitation,  which  can  be  ascribed  to  the  role  played  by  several  factors,  e.  g.  turbulent  flow 
under  cavitation,  diffiisional  processes,  and  breakup  of  the  adsorbed  layers^^.  It  is  interesting 
to  observe  that  the  cavitatitMi  corrosion  rate  was  about  75000  times  higher  than  the 
electrochemical  corrosion  rate  under  cavitation  conditions.  In  other  words,  the  greatest  portion 
of  damage  is  due  to  mechanical  breakdown  of  the  material  surface  and  subsequoit  particle 
sqiaration  and  ejection  from  the  metal.  This  indicates  that  the  mechanical  factor  ovenxxle  the 
electrochemical  factor  in  the  acceleration  of  material  loss. 

The  above  results  reveal  that  nodular  cast  iron  is  not  p^orming  satisfactorily  in  Arabian  Gulf 
seawater  whether  the  flow  velocity  is  low  or  high,  liiis  is  particularly  true  in  the  absoice  of 
cathodic  protection.  Work  on  alternative  valve  materials^  revealed  that  high  chromium  cast 
steel  was  immune  to  corrosion  and/or  erosicm  damage.  Moreover,  accelerated  tests  showed 
that  the  service  life  of  Ni-resist  cast  iron  is  eight  times  that  of  nodular  cast  iron'^. 

Concludons 

1.  In  seawater  under  flowing  or  cavitation  conditions,  the  corrosion  rate  of  nodular  -cast 
iron  was  greatly  enhanced  reaching  peak  values  which  were  followed  by  a  gradual 
decrease  till  steady  states  were  reached.  At  the  steady  states,  the  cavitation-corrosion  rate 
was  about  38  times  that  under  erosion-corrosion  conditions  which  was  about  18  times  that 
under  stagnant  conditions. 

2.  At  moderate  to  low  flow  velocity,  corrosion  of  nodular  cast  iron  initiated  around  graphite 
nodules,  leading  to  loosening  and  removal  of  the  gr^ite.  However,  under  cavitati<m 
condition,  the  initiation  of  damage  was  not  only  at  the  griqihite  nodules,  but  also  in  the 
ferrite  matrix. 

3.  The  mechanical  factor  was  found  to  override  the  electrochemical  factor  during  cavitation 
damage.  The  application  of  cathodic  protection  was  found,  however,  to  decrease  the  mass 
loss  rate  by  about  50%. 

4.  In  the  absence  of  cathodic  protection,  nodular  cast  iron  was  found  not  to  perform 
satisfactorily  in  Arabian  Gulf  seawater  whether  the  flow  velocity  was  low  or  high. 
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Table  1.  Mean  Mass  of  Adhered  Scale  in  mg/crn^  at  Different  Flow  Vdodties 


Duration 

(days) 

2.5 

5.4 

(m/s) 

8.3 

3 

— 

19.71 

18.89 

7 

10.S9 

28.90 

33.70 

10 

20.91 

35.09 

37.80 

14 

23.95 

39.10 

31.25 

17 

25.07 

42.39 

30.77 

21 

31.82 

50.08 

37.55 

25 

49.13 

54.78 

37.00 

Table  2.  Rates  of  dectrochemical  conositm,  cavitation-corrosion, 
and  cavitation-erosion  under  various  test  conditions  for 
nodular  cast  iron  in  seawater 


Test  condition 

Mass  loss  rate. 

pg/cm^/min. 

1.  Cavitation  under  free  corrosion 

condition,  mass  loss 
(cavitation-corrosion  Wj) 

52.0 

2.  Cavitation  under  cathodic  protection, 
mass  loss  (cavitation-^osicm  W^) 

3.  Cavitation  und^  free  corrosion 

26.0 

condition,  polarization  resistance 
(electrochemical  corrosion  W^) 

0.00035 

4.  Quiescoit  unda*  free  corrosion 

condition,  polarization  resistance 
(electrochemical  corrosion  Wq) 

0.000056 
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Figure  1.  Rate  of  mass  loss  of  nodular  cast  iron  as  a  function  of  time  in  stagnant  and  flowing 
seawater. 


A  B 

Figure  2.  SEM  micrographs  showing:  (a)  a  swollra  blister,  and  (b)  a  cracked  blister  in  nodular 
cast  iron  tested  in  seawater  flowing  at  S.4  m/s  for  14  d. 


Figure  3.  SEM  micrograph  showing  corrosion  around  graphite  nodules,  magnification  2(X)X. 
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Figure  4.  Mass  loss  rates  of  cavitated  cast  iron  in  seawater  as  a  function  of  time  for  attached 
and  unattached  specimens. 


Figure  5.  Electrochemical  corrosion  rate  vs  time  for  cast  iron  in  seawater  calculated  from 
polarization  resistance  measurements. 
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A 


B 

Figure  6.  Photographs  showing  surface  appearance  of  cast  iron  after  cavitation  testing 

(a)  after  30  min;  and 

(b)  after  5.5  h. 


Figure  7.  SEM  micrographs  of  attached  cast  iron  after  cavitation  testing  in  seawater. 

(a)  after  1  min,  fragmented  nodules  and  cavities; 

(b)  after  5.5  h,  ductile  removal  of  material  from  the  ferrite  matrix;  and 

(c)  after  5.5  h,  cracks  in  the  cast  iron 


Figure  8.  Optical  micrographs  of  cross-section  of  attached  specimens  after  cavitation  testing 
seawater. 

(a)  cracks  originating  from  bottom  of  craters;  and 

(b)  subsurface  cracks. 
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Abstract 

Aluminium  alloys  are  extensively  used  in  seawater  because  of  the 
formation  of  protective  oxide  layer  on  the  surface.  This  oxide 
layer  formation  can  be  affected  by  the  presence  of  pollutants 
like  sulfides  in  sea  water.  The  effect  of  sulfide  ions  on  the 
corrosion  behaviour  of  aluminium  alloy  (H20)  in  synthetic 
seawater  has  been  studied  by  polarisation  method.  A  marked  shift 
of  open  circuit  potential  in  the  cathodic  direction  with  increase 
of  the  sulfide  concentration  >  50  ppm  has  been  found.  At  these 
concentrations,  a  well  defined  passive  range  is  observed  due  to 
the  formation  of  sulphur  film.  Due  to  this,  the  pitting  tendency 
of  H20  aluminium  is  decreased  in  the  presence  of  high  sulfide 
concentration  which  is  confirmed  from  the  pitting  and 
repassivation  potentials. 

Key  terms  Pitting,  Aluminium  alloy.  Sulfide,  Synthetic 

seawater 


Introduction 

In  recent  years  aluminium  alloys  find  applications  in  offshore 
structures  for  oil  production^.  Among  the  aluminium  alloys, 
Al-Mg-Si  alloys  are  found  to  be  the  most  suitable  alloy  for  sea 
water  applications  due  to  its  more  corrosion  resistant 
properties.  Corrosion  of  aluminium  alloys  in  seawater  is  mainly 
of  pitting  type  with  the  rate  of  pitting  of  3  to  6  microns  per 
year  initially  and  0.8  to  1.5  microns  per  year  over  the  period  of 
ten  years^.  The  corrosion  behaviour  of  aluminium  alloys  in 
seawater  has  been  reviewed  by  Fink,  et.al.,^.  The  pitting 
corrosion  of  aluminium  alloys  is  minimised  by  the  addition  of 
suitable  inhibitors^  like  chromates,  nitrates  etc. ,  Besides  the 
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aildition  of  the  inliibitors,  .•idditiijn  of  sulfide  ions^  has  been 
shown  to  improve  the  pithing  resistance  of  aluminium  alloys  in 
seawater.  In  this  paper,  the  corrosion  behaviour  of  H20  aluminium 
alloys  in  synthetic  seawater  in  the  presence  of  sulfide  ion  is 
reported. 

Experimental 

Aluminium  alloy  (H20)  with  stem  exposing  an  area  of  2  sq.cm  was 
used.  The  stem  was  masked  with  araldite.  The  electrodes  were 
polished  with  cloth  emery  wheel  and  degreased  with 
trichloroethylene.  Potent iodynamic  polarisation  studies  were 
carried  out  in  a  three  electrode  cell  at  a  sweep  rate  of  1  mV/Sec 
using  potentiostat  (PAR  173.  USA),  Universal  programmer  (PAR  175, 
USA)  and  X-Y  recorder.  The  potential  of  the  electrode  was 
measured  with  respect  to  saturated  calomel  electrode  and  a 
platinum  electrode  was  used  as  an  auxiliary  electrode.  Synthetic 
seawater  and  sulfide  solutions  were  prepared  using  ANALAR 
chemicals  in  distilled  water.  All  the  experiments  were  carried 
out  at  28  +  1°C. 

Results  and  Discussion 

The  effect  of  sulfide  ions,  in  the  concentration  range  of  0  to 
100  ppm,  on  the  corrosion  and  pitting  tendency  of  H20  aluminium 
alloy  in  synthetic  sea  water  has  been  studied  by  potentiodynamic 
polarisation  method.  Figs  l.a  and  l.b  show  the  polarisation 
behaviour  of  H20  aluminium  alloy  in  synthetic  seawater  containing 
sulfide  ions.  Table  1  summarises  the  corrosion  parameters  like 
open  circuit  potential,  corrosion  current,  pitting  and 
repassivation  potential.  The  corrosion  rate  has  been  found  to  be 
increased  markedly  even  in  the  presence  of  10  ppm  of  sulfide  ion. 
On  further  increase  in  sulfide  ion  concentration  the  corrosion 
rate  increases  and  reaches  a  steady  value  at  50  ppm  of  sulfide 
ion  concentration. 

The  open  circuit  potential  remains  unaffected  upto  10  ppm  of 
sulfide  ions.  At  higher  concentrations  of  sulfide  ions,  the  open 
circuit  potential  has  shifted  to  more  cathodic  values  indicating 
a  decrease  of  cathodic  reaction.  Moreover,  for  sulfide 
concentration  greater  than  50  ppm,  a  well  defined  passivation 
behaviour  has  been  observed.  It  has  been  found  that  the  pitting 
potential  is  2.  -650mV  and  the  repassivation  potential  is  around 
-750  mV  for  sulfide  concentrations  greater  than  50  ppm.  The 
magnitude  of  the  pitting  and  repassivation  potential  is  more  than 
+  300  mV  from  the  opencircuit  potential. On  visual  inspection  of 
aluminium  electrode  after  polarisation  experiments  in  synthetic 
seawater  containing  50  ppm  and  more  sulphide  concentration 
formation  of  sulphur  film  has  been  observed.  This  is  due  to  the 
oxidation  of  sulfide  ion.  Huang®  et  al  have  reported  that  during 
anodic  oxidation  of  sulfide  on  gold,  multilayers  of  elemental 
sulphur  film  is  formed. 


Cunolusion 


The  presence  of  sulfide  ions  in  synthetic  seawater  increases  the 
corrosion  rate  of  1120  aluminium  alloy.  However  the  pitting 
tendency  is  very  much  reduced  in  the  presence  of  higher 
concentrations  of  sulfide  ions  due  to  the  formation  of  sulphur 
film. 
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TABLE  I 

CORROSION  PARAMETERS  FOR  HoO  ALUMINIUM  ALLOY  IN  SYTHETIC 
SEAWATER  CONTAINING  SULFIDE 


S.No. 

Sulfide 

ppm 

OCP 

mV  vs  SCE 

mV^^s  SCE 

^corr' 

uA/cm 

1. 

0 

-730 

-720 

0.  1 

2. 

10 

-730 

-715 

— 

0.65 

3. 

25 

-880 

-710 

-720 

1.00 

4. 

50 

-1150 

-650 

-750 

0.  75 

5. 

75 

-1180 

-630 

-750 

0.60 

6. 

100 

-1250 

-600 

-750 

0.  60 
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Flg.X(a)  :  Polarisation  behaviour  of  H20  A1  in 

synthetic  seawater  containing  sulfldei. 


Fig. 1(b)  t  Polarisation  behaviour  of  H20  Al  In 

synthetic  seawater  containing  sulfide^ 
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Abstract 

Application  of  protective  coatings  and  cathodic  protection  is  a  well-known  corrosion 
control  method  for  steel  structures  subjected  to  aqueous  immersion.  In  this  present  study, 
the  corrosion  performance  of  different  types  of  paint  systems  on  carbon  steel  substrates 
has  been  investigated. 

The  tests  were  carried  out  in  the  laboratory  with  specimens  inunersed  in  synthetic  sea 
water,  and  polarised  to  a  potential  of  -  1000  mV  and  -  1200  mV  (SCE).  The  duration  of 
the  test  was  six  months,  after  which  the  disbonding  of  the  paint  Hlms  was  determined  as 
the  loss  of  adhesion  occuring  round  an  artificially  formed  holiday.  The  degree  of  blistering 
was  recorded  also. 

The  test  results  showed  that  coal  tar  epoxy  paints,  epoxy  powder  paints,  and  the  almost 
solvent-free  epoxy  paint  had  the  best  corrosion  resistance  on  steel  surfaces.  The  use  of 
zinc-rich  paints  for  cathodically  protected  marine  steel  structures  is  questionable.  Zinc 
reacts  easily  under  alkalic  conditions  with  hydroxide  ions  formed  at  the  point  of  the  defect 
and  may  cause  abnormal  disbonding  of  the  coating. 

The  film  thickness  and  the  surface  roughness  have  a  great  influence  on  the  paint 
performance.  The  role  of  the  steel  grade  on  the  performance  of  paint  films  is  of  minor 
significance  but  in  certain  cases,  weathoing  steels  may  offer  a  better  choice  for  painted 
steel  structures  under  cathodic  protection  in  marine  conditions. 

Key  terms:  steel,  paint,  cathodic  protection,  disbonding,  blistering 
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Introduction 


Protective  organic  coatings  and  cathodic  protection  are  widely  used  to  control  corrositHi  of 
steel  structures  subjected  to  aqueous  immersion  or  buried  onshore  conditions.  Protective 
coatings  prevent  corrosion  by  isolating  steel  from  the  corrosive  environment  while  cathodic 
.,/otection  is  the  use  of  an  inrqiressed  current  to  prevent  or  to  reduce  the  rate  of  corrosion 
a  metal  in  an  electrolyte  making  the  metal  the  cathode. 

In  the  presence  of  a  defect  in  die  coating,  the  metal  itself  is  cathodically  protected,  but 
electrolyte  is  permitted  to  reach  the  metal  surface.  Under  these  conditions,  the  cathodic 
half  reaction 


Oi  +  2H,0  +  4c  40H  (1) 

prevails  and  causes  an  increase  of  pH  value.  This  reaction  occurs  under  the  coating  at 
the  defect  and  causes  an  accelerated  disbondment  of  the  coating.  The  mechanism  of  the 
delamination  process  itself  is  poorly  understood  but  it  is  thought  to  result  from  attack  on 
eitter  the  coating  or  the  interfacial  bond  by  the  alkaline  conditions  generated  at  the  leading 
edge  of  the  disbonding  region*. 

When  coatings  are  combined  with  cathodic  protection  they  must  possess  several  physical 
and  chemical  properties  to  be  fully  effective.  These  properties  are  described  in  several 
references'-^  and  can  be  summarized  as  follows: 

1.  Dielectric  Strength.  The  dielectric  characteristics  of  the  coating 
must  be  sufficient  so  that  both  cathodic  protection  potentials  and 
current  flows  would  not  affect  its  ability  to  act  as  a  corrosion 
prevention  membrane. 

2.  Chemical  Resistance.  The  coating  has  to  be  chemically  resistant 
to  high  concentrations  of  hydroxyl  ions. 

3.  Adhesion.  The  application  of  the  coating  on  to  poorly  prepared 
surfaces  will  cause  early  coating  breakdown,  when  subject  to 
cathodic  protection  potentials. 

4.  Moisture  Absorption  and  Transfer.  The  coatings  should  have  both 
low  moisture  vapour  transfer  rate  as  well  as  low  moisture 
absorption.  It  is  a  general  rule  of  thumb  that  the  lower  the 
moisture  vapour  transfer  rate  of  the  coating,  the  more  effective 
the  coating. 

5.  Electroendosmosis.  Where  electroendosmosis  may  be  encounte¬ 
red,  adhesion  is  also  very  important  Electroendosmosis  is  defined 
as  the  forcing  of  water  through  a  semi-permeable  membrane  by 
an  electrical  potential  in  the  direction  of  die  pole  that  has  the 
same  charge  as  the  coating  membrane.  Most  surface  coatings  are 
negatively  charged.  This  being  the  case,  coatings  with  a  high 
moisture  vapour  transfer  rate  or  questionable  adhesion  are  more 
subject  to  damage  and  blistering  by  cathodic  potentials. 
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6.  Coating  Thickness.  Coating  thickness  is  veiy  important  Several 
of  the  above  properties  are  directly  affected  by  thickness. 

7.  Ionic  Resistance.  The  coating  must  be  resistant  to  the  passage  of 
ions,  which  may  be  considered  part  of  chemical  resistance. 

In  this  present  study,  some  of  the  most  common  paints  used  together  with  cathodic 
protection  for  sulxnerged  steel  structures  have  been  tested  in  laboratory  experiments.  The 
effect  of  surface  roughness  and  steel  grade  on  the  disbonding  of  paint  Hlms  have  been 
tested. 


Experimental 

The  test  specimens  were  prepared  ffom  structural  and  weathering  steel  grades.  The 
surfaces  of  the  specimens  were  blasted  either  with  a  mixture  of  metal  shot  and  grit  or 
with  metal  shot  and  grit  separately  (Sa  2Vi,  ISO  8S01-1:1988).  The  chemical  composition 
of  the  steels  are  presented  in  Table  1,  The  specimens  were  painted  with  different  types  of 
paint  systems  normally  used  for  corrosion  protection  of  submerged  steel  structures.  The 
tested  paint  systems  are  listed  in  Table  2.  llie  test  method  applied  was 

BS  3900:  Part  FIO:  1985 

Determination  of  Resi^ance  to  Cathodic  Disbonding  of  Coatings 
for  Use  in  Marine  Environments 

with  the  exception  of  the  electrolyte,  which  consisted  of  3.380  kg  NaCl,  0.628  kg  Na^SQ* 
a:id  0.192  kg  CaClj  in  160  1  water.  A  schematic  diagram  of  the  test  apparatus  is  presented 
in  Figure  1  and  the  test  vessel  with  the  specimens  and  electrodes  is  shown  in  Figure  2. 
The  anode  was  titanium  net  coated  with  iridium  oxide.  The  potentials,  -1.0  V  and  -1.2  V 
(SCE),  were  potentiostatically  controlled.  The  currents  were  measured  over  100  D  resistor. 


Test  Results 

The  disbondment  and  the  number  of  blisters  on  the  paint  systems  are  summarized  in 
Tables  3  and  4.  The  measured  current  values  are  graphically  presented  in  Figures  3  and 
4.  Examples  of  the  specimens  tested  at  -1.0  V  and  -1.2  V  potentials  (SCE)  are  presented 
in  Figures  5  and  6.  Scaiuiing  electron  microscope  pictures  of  the  shot  blasted  and  the  grit 
blasted  steel  substrates  are  presented  in  Hgure  6.  The  delamination  of  paint  films  on  shot 
blasted  and  grit  blasted  specimens  is  shown  in  pictures  presented  in  Figure  7. 
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Gmcliisioas 


The  following  conclusions  can  be  drawn  on  basis  of  the  obtained  results: 

1.  Coal  tar  epoxy  paints,  the  almost  solvent  free  qwxy  paint  and 
epoxy  powder  paints  have  the  best  performance  under  cathodic 
protection  conditions.  The  disbondment  rate  and  the  amount  of 
blisters  are  smaller  when  con^ared  to  the  other  paints. 

2.  Although  the  amount  of  tests  performed  is  not  very  conq>rehen- 
sive,  it  is  very  obvious  that  a  sufficiently  thick  coating  must  be 
applied,  ixreferably  over  300  pm.  Under  practical  conditions,  the 
coating  thickness  aplied  should  also  probably  be  even  greater  in 
the  vicinity  of  the  anodes. 

3.  The  use  of  zinc-rich  paints  for  cathodically  protected  marine  steel 
structures  is  questionable.  Zinc  is  a  so  called  amphoteric 
substance,  which  reacts  easily  with  both  acids  and  alkalis.  Under 
alkalic  conditions,  the  following  chemical  reaction  will  occur  in 
defects  at  the  coating/substrate  interface: 

Zn  +  OH  +  H/)  ->  HZnO,  +  H,T  (2) 

This  reaction  wiU  probably  together  with  the  cathodic  half 
reaction  (1)  break  tlte  interfacial  bonds  and  form  an  interfacial 
layer  from  the  re«u:tion  products,  which  can  cause  a  high 
disbonding  of  the  coating  very  large  amount  of  blisters,  see 
paint  system  8  in  Table  3.  For  the  paint  system  9  the 
disbondment  is  not  very  high,  but  the  amount  of  blisters  is  as 
high  as  in  the  paint  system  8.  The  disbonding  of  paint  probably 
starts  from  the  formation  of  blisters.  The  blisters  appear  to  be 
formed  first  in  the  vicinity  of  the  defect,  see  Figures  5  and  7. 
The  small  black  spots  correspond  to  blisters  in  the  coating. 

4.  Surface  roughness  has  a  great  effect  on  the  disbonding  rate.  This 
is  especially  emphasized  with  one  coat  paint  systems,  see  Table 
4.  A  shot  blasted  surface  is  probably  too  smooth  for  thick  one 
coat  systems,  but  for  paint  systems  consisting  of  several  coats, 
it  may  be  acceptable,  see  paint  system  2  in  Table  4.  For  practical 
purposes  the  mixture  of  shot  and  grit  is  probably  to  be 
reconunended. 

5.  No  clear  difference  between  the  steel  grades  tested  could  be 
seen  in  this  study.  More  important  than  the  steel  itself  is  the 
surface  pretreatment  Then  may  be  advantages  however  in  using 
weathering  steels  with  certain  types  of  these  paints. 

6.  Current  density,  pA/specimen,  is  higher  in  one  coat  paint  systems 
than  in  paint  systems  with  several  coats,  see  Figure  3.  The  loss 
of  adhesion  is  also  greater  with  one  coat  systems,  see  Table  4. 
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Discussion 


The  performance  of  coatings  on  cathodically  protected  steel  structures  is  effected  by  many 
factors.  A  number  of  which  are  already  mentioned  above.  The  surface  pretreatment  before 
painting,  the  paint  system  itself  and  the  applied  potential  are  of  great  importance.  The 
disbondment  of  the  paint  is  caused  by  the  cathodic  corrosion  reaction  on  the  on  hand  and 
by  the  loss  of  adhesion,  which  is  influenced  by  surface  profile,  film  porosity  etc.  on  the 
other.  Different  types  of  disbondments  are  illustrated  in  Rgure  8. 
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Table  1.  Average  chemical  compositions  of  the  steel  substrates  (%). 


StMl  grad* 

C 

Si 

Mn 

P 

S 

V 

Cu 

Cr 

Ni 

ASTM  A  572  Grad*  50 

.151 

.424 

1.36 

.023 

.021 

.000 

.018 

.022 

.031 

COR-TEN  A' 

.070 

.434 

.418 

.104 

.017 

.007 

.424 

.580 

.275 

COR-TEN  B’ 

.116 

.307 

1.16 

.011 

.023 

.060 

.242 

.500 

.186 

')  COR-TEN  is  a  registarad  tradamark  of  USX  Corporation 


Table  2.  Paint  systems  tested. 


1.  Two  pack  epoxy  paint;  epoxy  GPL 

2.  Two  pack  almost  solvent  free  epoxy  paint;  epoxy  160 

3.  Resin  modified  two  pack  epoxy  paint;  epoxy  RC 

4.  Epoxy  powder  paint;  epoxy  powder  OHl 

5.  Two  pack  coal  tar  epoxy  paint;  coal  tar  epoxy  ETl 

6.  Two  pack  coal  tar  epoxy  paint;  coal  tar  epoxy  RT2 

7.  Two  pack  urethane  tar,  urethane  tar  UT 

8.  Polyamide  cured  zinc  epoxy  paint;  zinc  epoxy  RS  +  epoxy  RC 

9.  Two  pack  zinc  rich  polyamide  cured  epoxy  paint; 

zinc  epoxy  RG  +  a  resin  modified  two  pack  epoxy  paint;  epoxy  EPI 

10.  2  X  polyamide  cured  epoxy  paint;  epoxy  SI  MIOX  +  2  x  epoxy  EPI 
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Table  3.  Disbondment  of  the  coating  film  and  the  amount  of  blistering  on  the  paint  film  afto'  cathodic  disbondmait  test 
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Table  4.  The  effect  of  the  steel  grade  and  the  surface  profile  on  disbonding  and  the  amount  of  blistering 
of  the  paint  system.  Cathodic  protection  potential  -1.0  V/SCE. 
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COR-TEN  3  a  registered  trademark  of  USX  Corporation 


Figure  1. 

Potentiostatically- 
controlled  cathodic 
protection  ciicuiL 
BS  3900: 

Part  FIO:  1985. 


Figure  2. 

Apparatus  for  testing 
cathodic  disponding 
of  paint  fibns  <»  steel 
substrates. 


Figure  3.  Average  current-time  curves  of  ^)ecifnens  cathodically  protected  at  -1000  mV. 
A  =  CX)R-TEN  A.  F  =  ASTM  A572  Grade  50, 

G  =:  Grit  blasted  (G40).  S  =  shot  blasted  (S230) 

1  and  2  are  paint  systems;  1  =  1  x  Epoxy  160 

2  s  2  X  Epoxy  51  MIOX  +  2  x  Epoxy  EPI 


Figure  4.  Average  current-time  curves  of  specimens  catiiodically  protected  at  -1200  mV. 

Different  paint  systems  on  shot/grit  blasted  ASTM  A572  Grade  50.  The  CaCX), 
in  the  holidays  removed  at  the  points  1  and  2. 
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Figure  5.  Disbcniding  of  the  paint  film  after  exposure 

a.  Epoxy  powder  paint  OFR 

b.  Zinc  epoxy  +  Epoxy  RC  (BKsters  are  marked  on  the  1.0  V  specimen). 
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Figure  S.l.  Disbonding  of  the  paint  film  after  exposure 

a.  ^poxy  160 

b.  Coal  tar  epoxy  ETl 
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Figure  6.  SEM  pictures  of  shot  blasted  and  grit  blasted  steel  surfaces 

a.  shot  blasted  (S230),  R„  =  46  -  56  pm 

b.  grit  blasted  (G40),  R«  =  50  -  61  pm 


Figure  7.  Disbonding  of  paint  on  grit  blasted  (G)  and  shot  blasted  (S)  COR-TEN  A 
surfaces 

1  =  1  X  Epoxy  160 

2  =  2  X  Epoxy  51  MIOX  +  2  x  Epoxy  Epi 
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B2G3 


B2S3 


Figure  7.1.  Disbonding  of  puint  on  grit  Masted  (G)  and 
shot  Masted  (S)  COR-TEN  B  surfaces. 

1  s  1  X  Epoxy  160 

2  «  2  X  Epoxy  51  MIOX  +  2x  Epoxy  Epi 
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F2Q3 


F283 


Figure  7.2.  Di;sbonding  of  p^t  film  on  grit  blasted  (G)  and  shot  blasted  (S) 
ASTM  A^72  Grade  50  steel. 

1  =  1  X  Epoxy  160 

2  =  2  X  Epoxy  51  MIOX  ■i'  2  x  Epoxy  Epi 
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Figure  8.  Disbondment  of  two  epoxy  paint  films.  Dark  area  around  the  holiday  is  due 
to  the  cathodic  corrosion  reaction. 

The  other  disbonded  area  is  assumed  to  be  due  the  throught-film  diffusion 
reactions 

B  22  lx,  almost  solvent  free  epoxy  160,  607  pm,  -1,5  V/SCE 

D  20  2x,  almost  solvent  free  epoxy  165,  747  pm,  -1,5  V/SCE 
Black  ^ts  are  traces  of  Misters  on  the  steel  sutetrale. 
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Abstract 

The  influence  of  hydrostatic  pressure  on  the  composition  of  the  rust  layer  of  42CD4  (AISI 
4142)  steel  was  studied  in  order  to  investigate  the  effect  of  a  deep  marine  environment  on  the 
corrosion  behaviour  of  this  steel.  The  immersion  simulation  was  realised  in  a  high  pressure 
vessel  by  hydrostatic  pressure  generation,  with  a  circulating  natural  seawater  flow  in  an  open 
circuit. 

The  rust  layer  which  developed  on  the  surface  of  the  plates  was  analysed  by  both  ^“^Fe 
Mossbauer  spectroscopy  and  X-ray  diffraction.  For  times  up  to  15  days,  it  appeared  that  y- 
FeOOH,  a-FeOOH  and  Fe304  are  always  present.  P-FeOOH  was  only  observed  in  the  inner 
part  of  the  rust  layer  for  pressures  less  than  3  MPa.  Under  atmospheric  pressure  (0. 1  MPa), 
and  for  shorter  immersion  times  (3  and  6  days),  a  paramagnetic  phase  was  observed  in  the 
inner  part  of  the  rust  layer  instead  of  P-FeOOH.  This  paramagnetic  phase  could  be  an  iron 
oxyhydroxyde  precursor. 

The  results  are  interpreted  by  considering  the  influence  of  dissolved  oxygen  on  the  mechanisms 
of  iron  oxyhydroxyde  formation.  Upon  increasing  the  activity  of  dissolved  oxygen,  the 
hydrostatic  pressure  prevents  the  formation  of  P-FeOOH;  under  pressures  higher  than  3  MPa, 
and  for  immersion  times  up  to  15  days,  P-FeOOH  is  not  observed  in  the  corrosion  layer. 
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Introduction 


New  developments  and  progresses  in  marine  technology  of  immersed  systems  require  a  better 
understanding  of  material  behaviour  in  a  deep  marine  environment.  Among  the  problems 
occuring  in  this  media,  corrosion  problems  are  of  major  importance.  In  order  to  improve  the 
behaviour  of  steels  in  great  depths,  and  thus  to  increase  their  lifetime,  the  effect  of  the  different 
physicochemical  parameters  that  vary  with  marine  depth  (pH,  temperature,  salinity,  dissolved 
oxygen  concentration,  pressure,  microbiological  activity...)  have  to  be  characterised 
independently.  In  this  paper,  we  investigate  the  influence  of  hydrostatic  pressure  on  the 
composition  of  the  corrosion  layer  of  the  42CIM  steel.  Indeed,  it  is  well  known  that  the 
evolution  of  the  corrosion  of  steels  is  essentially  related  to  the  nature  of  the  corrosion  products 
which  appear  during  the  process.  This  study  completes  electrochemical  and  mechanical 
measurements  made  on  the  same  steel  ^  which  must  indicate  if  different  means  of  corrosion 
protection  are  necessary  depending  on  immersion  depth. 

The  corrosion  behaviour  of  steels  immersed  in  seawater  or  chlorinated  aqueous  media 
have  been  extensively  studied  during  the  last  twenty  years.  The  final  corrosion  products  of  iron 
are  mainly  ferric  oxyhydroxides  and  magnetite.  Among  ferric  oxyhydroxides,  only  the  P  form  is 
specific  to  media  containing  chloride  ions^’^.  P-FeOOH  is  formed  on  steels  immersed  in 
chlorinated  solutions'*  or  in  seawater  after  long  exposure  time^>^.  The  oxyhydroxides  y-FeOOH 
and  a-FeOOH  are  commonly  observed  on  steels  immersed  in  seawater^,  chlorinated 
solutions^,  and  on  steels  exposed  to  marine  atmosphere** *2.  The  presence  of  magnetite  Fe304, 
which  is  observed  in  the  inner  part  of  the  rust  layer,  is  reported  in  some  cases^>*‘*®. 

^^Fe  Mossbauer  spectroscopy  is  a  very  useful  tool  for  steel  corrosion  studies;  it  allows 
both  qualitative  and  quantitative  analyses  of  the  iron  containing  phases,  and  has  been 
extensively  used *3.  However,  the  identification  of  the  corrosion  products  by  Mossbauer 
spectroscopy  can  be  made  difficult  by  small  particle  size***"*^  and  poor  crystallinity*^  effects. 
These  effects  lower  the  Neel  temperatures  of  iron  oxyhydroxides  and  make  the  interpretation 
ambiguous  at  room  temperature.  In  order  to  make  it  unambiguous  it  is  necessary  to  perform  a 
Mossbauer  analysis  at  low  temperature**. 

The  hydrostatic  pressure  affects  all  the  physicochemical  properties  of  seawater,  but  its 
influence  is  low  except  for  the  activity  of  dissolved  gases,  which  is  noticeably  increased*^.  An 
increase  in  the  dissolved  hydrogen  activity  results  in  an  increase  of  the  42CD4  steel  hydrogen 
embrittlement*.  Another  effect  of  hydrostatic  pressure  is  the  modification  of  the  corrosion  rate, 
as  it  has  been  shown  for  nickel^**  and  42CD4  steel*  in  seawater.  Such  a  modification  could  be 
related  to  the  the  preferential  formation  of  some  compounds  in  the  rust  layer.  It  has  been 
demonstrated  that  dissolved  oxygen,  which  influences  the  corrosion  kinetics  of  steel  in 
seawater^*,  influences  the  composition  of  the  rust  layer  as  well'*. 

Experimental 

42CD4  (AISI  4142)  steel  plates  (50mm  x  33nun  x  5mm)  were  corroded  in  natural 
seawater  under  pressures  up  to  30  MPa  in  order  to  simulate  a  deep  marine  environment.  Some 
plates  were  corroded  under  atmospheric  pressure  (0. 1  MPa)  in  a  tank  with  a  circulating  natural 
seawater  flow  in  an  open  circuit.  The  immersion  simulation  was  done  in  a  high  pressure  vessel 
by  the  hydrostatic  pressure  generation,  with  a  circulating  natural  seawater  flow  in  an  open 
circuit.  The  seawater  was  conditioned  before  its  introduction  in  the  vessel  so  that  all  its 
physicochemical  parameters  were  kept  constant.  Pressures  were  fixed  at  3,  10  and  30  MPa, 
which  correspond  approximately  to  depths  of  300,  1000  and  3000  m  respectively.  Immersion 
times  varied  between  3  and  15  days. 
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After  the  treatment,  the  steel  plates  were  dried  under  a  nitrogen  atmosphere  and  kept  in 
liquid  nitrogen  or  under  a  primarly  nitrogen  vacuum  to  prevent  any  evolution  of  corrosion 
products  in  ambient  atmosphere.  However,  some  plates  were  kept  in  ambient  air  after 
immersion  and  corrosion  products  analysed  for  comparison.  Two  zones  were  observed  on  the 
steel  plates  surface;  a  rust  layer  and  a  chalky  deposit.  The  corrosion  products  in  the  rust  layer, 
which  consisted  of  an  orange-brown  powder,  were  removed  by  carefully  scraping  the  steel 
plate  surface  and  used  as  samples.  In  some  cases,  the  superficial  corrosion  layer  was  analysed 
independently  from  the  lower  corrosion  layer  to  detect  any  possible  difference  of  composition 
with  the  thickness  in  the  corrosion  layer. 

X-ray  diffraction  analyses  were  performed  using  a  fast  curved  detector  in  an  evacuated 
tank.  The  X-ray  generator  was  equipped  with  a  cobalt  anticathode,  using  the  Co(Ka) 
radiation.  The  powders  were  analysed  by  reflexion. 

Transmission  ^^Fe  Mossbauer  spectroscopy  analyses  were  performed  using  a 
conventional  spectrometer  with  a  source  of  ^^Co  in  a  rhodium  matrix.  The  samples  contained 
about  lOmg/cm^  of  natural  iron. 


Results 


X-ray  Diffraction  Analysis 

Samples  from  niates  corroded  under  atmospheric  pressure  fO.  1  MPa) 

X-ray  dif&action  patterns  of  the  corrosion  layer  formed  on  the  surface  of  steel  plates  corroded 
under  atmospheric  pressure  for  3  and  6  days  and  kept  under  primarly  nitrogen  vacuum  are 
shown  in  Figures  la  and  lb.  The  corrosion  products  are  identified  to  be  mainly  y-FeOOH 
(corresponding  to  the  most  intense  X-ray  diffraction  lines),  a-FeOOH  and  Fe304.  In  both 
samples,  NaCl  lines  are  identified;  this  may  result  from  seawater  evaporation  during  the  drying 
of  the  plates.  In  the  sample  corresponding  to  the  plate  immersed  for  6  days,  CaC03  lines  are 
also  identified  (Figure  lb),  which  shows  that  a  part  of  the  chalky  deposit  was  taken  with  the 
rust  layer. 

Superficial  rust  layer  (SRL)  and  lower  rust  layer  (LRL)  formed  on  steel  plates  kept  in  a 
primarly  nitrogen  vacuum  after  15  days  immersion  were  analysed.  Corresponding  X-ray 
diffraction  patterns  (Figures  Ic  and  Id)  show  that  both  the  SRL  and  LRL  contain  y-FeOOH, 
with  a-FeOOH  and  Fe304  in  lower  proportions  In  addition,  P-FeOOH  is  present  in  the  LRL. 

Analyses  made  with  samples  taken  from  plates  kept  in  liquid  nitrogen  or  in  ambient 
atmosphere  show  the  same  results. 

Samples  from  plates  corroded  under  3.  10  and  30  MPa 
X  -ray  diffraction  patterns  of  rust  layer  formed  on  the  surface  of  steel  plates  corroded  under  3, 
10  and  30  MPa  for  10  to  15  days  are  shown  in  Figure  2.  All  the  samples  contain  y-FeOOH,  a- 
FeOOH  and  Fe304.  NaCI  lines  are  also  observed.  P-FeOOH  is  only  observed  in  the  LRL  of  the 
steel  plate  corroded  for  15  days  under  3  MPa  (Figure  2b). 

Mossbauer  Spectroscopy  Analysis 

In  all  cases,  room  temperature  Mossbauer  spectra  show  only  a  broad  non  lorentzian 
quadrupolar  doublet,  which  does  not  allow  the  phases  to  be  identified  unambiguously.  This 
behaviour  has  been  attributed  to  particle  size  effects**.  In  fact,  from  X-ray  diffraction  results, 
using  the  Scherrer  formula,  the  mean  particle  size  was  determined  to  be  23-30  nm  for  all  the 
oxyhydroxides.  Thus,  the  analyses  were  performed  at  60  and  77  K.  At  these  temperatures,  in 
these  samples,  y-FeOOH  is  still  paramagnetic,  while  a-FeOOH  and  P-FeOOH  are  magnetic**. 
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The  Mdssbauer  spectra  were  fitted  in  each  case,  according  to  the  X-ray  diffraction  results.  The 
results  of  these  fittings  are  sununarised  in  Table  1 . 


Samples  from  plates  corroded  under  atmospheric  pressure  (0. 1  MPa) 

The  corresponding  Mdssbauer  spectra,  recorded  at  77  are  shown  in  Figure  3.  The  SRL  of 
the  steel  plate  corroded  during  3  days  was  analysed  independently  from  the  LRL.  The  SRL 
spectrum  (Figure  3a)  was  fitted  with  a  broad  quadrupolar  doublet  and  a  broad  magnetic  sextet. 
The  hyperfine  parameters  of  the  doublet  are  in  agreement  with  those  of  y-FeOOH,  and  a  good 
fit  is  achieved  using  a  distribution  of  quadrupolar  splittings,  according  to  particle  size  effects. 
The  hyperfine  parameters  of  the  sextet  are  in  agreement  with  those  of  a-FeOOH.  The  LRL 
spectrum  (Figure  3b)  was  fitted  with  the  y-FeOOH  doublet,  the  a-FeOOH  sextet,  and  a  broad 
paramagnetic  line,  associated  to  a  paramagnetic  phase,  named  P,  whose  isomer  shift  (0.49 
mm/s  at  77K)  corresponds  to  that  of  iron  in  the  Fe^"*"  state. 

The  Mdssbauer  spectrum  corresponding  to  the  6  days  inunersion  (Figure  3  c)  was  fitted 
with  the  same  components  as  the  LRL  of  the  steel  plate  immersed  for  3  days,  indicating  that 
the  paramagnetic  P  phase  is  still  present.  The  Mdssbauer  spectra  of  samples  from  to  steel 
plates  corroded  for  1 5  days,  and  kept  under  the  different  conditions  described  previously,  were 
fitted  with  y-FeOOH,  a-FeOOH  and  3-FeOOH  contributions  (Figure  3d).  The  P  phase 
contribution  was  not  present.  The  hyperfine  parameters  of  the  P-FeOOH  magnetic  contribution 
agree  reasonably  well  with  values  published22.23  jhg  results  are  identical  for  samples  kept  in 
different  conditions,  indicating  that  the  corrosion  products  identified  here  are  stable  in  relation 
to  the  conditioning  of  the  plates  after  immersion. 

A  Fe304  contribution  was  not  observed  on  these  spectra,  indicating  that  its  Mdssbauer 
abundance  in  the  samples  is  lower  than  the  detection  limit  (typically  less  than  2%). 

Samples  from  plates  corroded  under  3.  10  and  30  MPa 
A  corresponding  Mdssbauer  spectra,  recorded  at  60  or  77  K,  are  shown  in  Figure  4.  The 
spectrum  for  the  plate  corroded  under  3  MPa  was  fitted  with  of  y-FeOOH,  a-FeOOH  and  p- 
FeOOH  contributions  (Figure  4a).  The  relative  proportion  of  the  P-FeOOH  contribution  is 
lower  than  that  of  the  sample  corresponding  to  the  0.1  MPa  /  15  days  inunersion.  The 
Mdssbauer  spectra  of  samples  from  plates  corroded  under  10  and  30  MPa  were  fitted  with  the 
y-FeOOH  and  a-FeOOH  contributions,  in  the  same  proportions  (Figures  4b  and  4c).  The 
Fe304  contribution  was  not  observed  on  the  spectra,  indicating  that  its  Mdssbauer  abundance 
in  the  samples  is  again  less  than  2%. 


Ducussion 

From  these  results,  it  appears  that  the  composition  of  the  rust  layer  depends  on  both 
hydrostatic  pressure  and  immersion  time.  The  conditioning  of  the  plates  after  immersion  did 
not  appear  to  affect  the  stability  of  the  corrosion  products. 

While  y-FeOOH,  a-FeOOH,  and  Fe304  phases  are  observed  in  all  cases,  the  presence 
of  P-FeOOH  depends  on  both  hydrostatic  pressure  and  immersion  time.  This  phase  is  only 
observed  for  pressures  lower  than  3  MPa,  which  indicates  that  the  effect  of  hydrostatic 
pressure  is  to  prevent  its  formation  in  the  rust  layer.  Under  0. 1  MPa,  P-FeOOH  is  formed  after 
15  days  in  the  lower  part  of  the  rust  layer.  For  immersion  times  less  than  o  days  under  0.1 
MPa,  a  paramagnetic  phase  (P  phase)  is  observed  in  the  lower  part  of  the  rust  layer  instead  of 
P-FeOOH.  These  P  phase  is  associated  to  an  amorphous  or  ill-crystallised  phase,  which  could 
be  a  precursor  of  the  iron  oxyhydroxides^'^.  In  that  case,  the  X-ray  pattern  would  show  broad 
and  low  intensity  lines;  this  would  be  hard  to  observe  when  superimposed  with  narrow  lines 
from  crystallised  phases. 
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These  results  are  interpreted  as  being  the  effect  of  dissolved  oxygen  on  the  mechanism 
of  oxyhydroxide  formation  in  chlorinated  aqueous  media.  According  to  the  results  obtained  by 
Nomura  et  al."*,  the  decrease  of  dissolved  oxygen  concentration  under  the  initial  corrosion  layer 
of  iron  results  in  the  formation  of  a  complex  oxyhydroxide  containing  Cl'  ions,  which  converts 
into  P-FeOOH.  When  dissolved  oxygen  can  reach  easily  the  surface,  y-FeOOH  is  preferentially 
formed.  Consequently,  P-FeOOH  appears  when  the  corrosion  layer  is  sufficiently  thick  (or  in 
other  words  when  the  immersion  time  is  sufficiently  long)  to  allow  a  decrease  of  dissolved 
oxygen  concentration  at  the  rust/steel  interface.  On  the  other  hand,  when  the  hydrostatic 
pressure  increases,  the  dissolved  oxygen  activity  in  the  corrosion  layer  is  enhanced,  y-FeOOH 
is  formed  and  P-FeOOH  does  not  form. 


Conclusion 

42CD4  steel  plates  were  corroded  under  pressures  up  to  30  MPa  for  times  up  to  IS  days  in 
natural  seawater.  The  analysis  of  the  rust  layer  formed  on  steel  plates  showed  that  y-FeOOH, 
a-FeOOH,  and  Fe304  are  always  present,  while  P-FeOOH  was  only  observed  in  some  cases.  It 
has  been  shown  that  both  hydrostatic  pressure  and  immersion  time  are  parameters  which 
influences  the  composition  of  the  rust  layer,  by  influencing  the  formation  of  P-FeOOH. 

It  appears  that  for  immersion  times  up  to  15  days,  P-FeOOH  can  only  be  formed  in  the 
inner  part  of  the  rust  layer  of  plates  corroded  under  pressures  between  0.1  and  3  MPa, 
corresponding  to  marine  depths  between  0  and  300  m.  Increasing  hydrostatic  pressure  prevents 
the  formation  of  P-FeOOH  and  the  composition  of  the  rust  layer  is  not  affected  beyond  10 
MPa  (1000  m). 

The  influence  of  hydrostatic  pressure  on  the  composition  of  the  rust  layer  of  42CD4 
steel  has  been  correlated  to  the  influence  of  dissolved  oxygen  on  the  mechanism  of  iron 
oxyhydroxides  formation  in  seawater. 
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Pressure 


Immersion  Temperature  Phase 
time 


IS  QS  Hf  Mdasbauer 
BUB/t  mm/t  T  abundance 


0.1  MPa 

3  days 

77  K 

y-FeOOH 

0.48 

0.66 

91% 

(SRL) 

a-FeOOH 

0.51 

^.25 

47.2 

9% 

3  days 

77  K 

Y>FeOOH 

0.47 

0.74 

— 

64% 

(LRL) 

a-FeOOH 

0.50 

-0.25 

48.0 

23% 

Pphase 

0.49 

0.00 

— 

13% 

6  days 

77  K 

y-FeOOH 

0.46 

0.74 

56% 

(LRL) 

a-FeOOH 

0.48 

-0.21 

48.0 

23% 

Pphase 

0.49 

0.00 

— 

21% 

IS  days 

77  K 

y-FeOOH 

0.48 

0.63 

wTTTrnr- 

82% 

a-FeOOH 

0.44 

-0.25 

48.4 

10% 

p-FeOOH 

0.58 

-0.09 

48.4 

3% 

0.48 

-0.26 

45.6 

3% 

0.62 

-0.39 

42.6 

2% 

3  MPa 

IS  days 

77  K 

y-FeOOH 

0.48 

0.62 

93% 

a-FeOOH 

0.44 

-0.25 

48.1 

4% 

P-FeOOH 

0.58 

-0.09 

48.3 

1% 

0.48 

-0.26 

45.6 

1% 

0.62 

-0.39 

42.6 

1% 

10  MPa 

14  days 

60K 

y-FeOOH 

0.49 

0.60 

_  ^  ^  ^  , 

86% 

a-FeOOH 

0.49 

-0.25 

48.7 

14% 

30  MPa 

10  days 

60K 

y-FeOOH 

0.49 

0.62 

_____ 

85% 

a-FeOOH 

0.50 

-0.23 

48.0 

15% 

Statistical  errors  for  isomer  shift  (IS),  quadrupolar  splitting  (QS)  and  hyperfine  field  (Hf); 
AIS  =  ±  0.02  mm/s ;  AQS  =  ±  0.04  mm/s ;  AHf  =  ±  O.IT. 
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Figure  1-  X-ray  dififraction  patterns  of  the  corrosion  la><.  .?b*..ed  on  the  surface  of  steel  plates 
corroded  under  atmospheric  pressure  in  naturd  seawater  for  3, 6  and  1 5  days. 

(L:  lepidocrocite  y-FeOOH;  G:  goethite  a-FeOOH; 

A;  akaganeite  P-FeOOH;  N:  NaCl;  C:  CaC03) 
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Figure  2-  X-ray  difi&action  patterns  of  the  corro»on  layer  formed  on  the  surface  of  steel  plates 
corroded  under  3, 10  and  30  MPa  in  natural  seawater  for  IS,  14  and  10  days  respectivdy. 
(L:  Iqridocrocite  y-FeOOH;  G:  goethite  a-FeOOH; 

A:  akaganeite  P-FeOOH;  N:  NaCl) 
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Figure  3-  ^'^Fe  Mdssbauer  spectra  of  the  corrosion  layer  formed  on  the  surface  of  steel  plates 
corroded  under  atmospheric  pressure  in  natural  seawater 
for  3  (a,b),  6  (c)  and  IS  (d)  days. 
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Figure  4-  ^7Fe  Mdssbauer  spectra  of  the  corrosion  layer  formed  on  the  surface  of  steel  plates 
corroded  under  3,  10  and  30  MPa  in  natural  seawater 
for  IS  (a),  14  (b)  and  10  (c)  days  respectively. 
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Jihstraot 

Explosively  bonded  materials  are  combinations  of  two  or  more  alloys 
which  have  been  joined  in  a  continuous  manner  by  a  metallurgical 
bond.  Such  explosively  bonded  materials  possess  specific 
properties  from  both  alloys,  usually  good  corrosion  resistance  of 
one  alloy  with  the  strength  and  economics  of  the  other  alloy. 
Research  has  been  performed  to  characterii;e  the  bonded  interface  as 
well  as  the  individual  alloys.  Electrochemical  studies  and 
atmospheric  exposure  tests  have  been  performed  to  investigate  the 
corrosion  behavior  of  explosively  bonded  materials  in  a  marine  or 
seawater  environment.  Scanning  Electron  Microscopy  (SEM)  has  been 
employed  to  ex2UBine  both  the  interface  and  the  surface  of  the 
alloys  of  these  explosively  bonded  materials.  Energy  Dispersing 
Analysis  by  X-rays  (EDAX)  has  been  employed  to  study  the  interface 
chemical  make-up.  The  galvanic  corrosion  behavior  of  explosively 
bonded  materials  and  of  conventionally  coupled  alloys  has  been 
studied. 


Key  terms:  corrosion,  explosive  bonded  material,  EDAX, 
galvanic  corrosion,  interface,  seawater,  SEM 
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Naval  ships  ars  vessels  that  pose  coH^lex  materials  selection 
problems.  These  ships  must  simultaneously  be  a  reliable  structure, 
have  minimal  topside  weight,  and  withstand  harsh  marine 
environments.  Unfortunately,  no  single  structural  material  can 
satisfy  all  of  these  requirements.  Materials  that  satisfy 
corrosion  requirements  may  not  meet  strength  requirements, 
materials  that  meet  weight  requirements  may  not  meet  cost 
restrictions.  The  obvious  solution  is  the  use  of  a  variety  of 
metals  and  alloys  throughout  the  vessel,  each  selected  for  the 
appropriate  properties  for  the  specific  component.  Many  dissimilar 
metal  combinations  cannot  be  welded  by  traditional  methods  and  are 
joined  by  mechanical  methods  like  bolting  or  riveting.  The 
combination  of  a  crevice  at  the  joint  and  galvanic  potential 
differences  between  these  joined  metals  frequently  results  in 
accelerated  corrosion  in  the  marine  environment.  Explosive  bonding 
of  dissimilar  metals  appears  to  be  the  solution  to  this  dilemma  by 
eliminating  the  mechanical  joints  [1].  It  produces  a  crevice~free 
metallurgical  weld  between  metals  that  otherwise  can  not  be  welded. 

The  explosive  bonding  technique  is  believed  to  have  been  first 
suggested  during  the  1880 's  although  some  sources  claim  a  later 
discovery  date  [2].  The  first  attempts  of  this  type  of  welding 
occurred  in  the  1940 's  and  the  first  patent  was  filed  in  I960  [3]. 
Explosive  bonding  became  more  common  in  the  mid  sixties  and  today 
it  is  being  utilized  in  a  variety  of  applications. 

Explosive  bonding  uses  the  energy  of  detonating  explosives  to 
produce  a  solid-state  metallurgical  bond  between  dissimilar  metals. 
One  metal  is  accelerated  by  explosion  at  a  high  rate  over  a  short 
distance  resulting  in  a  progressive  collision  of  that  metal  with 
the  metal  to  which  it  will  be  bonded.  The  metals  are  forced 
together  under  several  million  pounds  per  square  inch  of  pressure 
resulting  in  electron  sharing  between  the  metals  and  a  bond  (weld) 
that  is  typically  stronger  than  the  weaker  of  the  parent  metals. 
The  metallurgical  bond  created  by  this  process  is  virtually  immune 
to  crevice  corrosion.  The  weld  or  bond  is  a  solid  state  bond  that 
is  created  in  a  fraction  of  a  second  without  the  addition  of  filler 
metals.  There  are  many  types  of  explosive  bonding  processes  but 
the  parallel  arrangement  process  has  been  used  exclusively  in  the 
study. 

The  objective  of  this  investigation  is  to  characterize  the  behavior 
of  the  interface  of  various  explosively  bonded  metallic  combina¬ 
tions  in  a  marine  environment.  The  interfaces  have  been  examined 
by  Scanning  Electron  Microscopy  (SEM)  and  interfacial  compositions 
determined  by  Energy  Dispersing  Analysis  by  X-rays  (EDAX) . 

The  results  of  laboratory  experiments  and  marine  atmospheric 
exposure  tests  for  selected  explosively  bonded  materials  are 
compared  to  obtain  a  better  understanding  of  the  corrosion 
resistance  of  the  interface. 
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I .  Bxp«riji«Btal 

A.  J^^p«rattts 

The  electrochemical  studies  were  performed  using  an  EG&G  PARC 
Corrosion  Console  System  350-A  (potentiostat/microprocessor)  and  a 
PARC  273  Potentlostat  with  corrosion  software  from  EG&G  PARC 
SoftCorr.  Several  different  electrochemical  cells  were  used  to 
collect  data  in  these  studies,  'niese  cells  were  modified  for  use 
in  this  study.  The  reference  electrode  used  was  the  saturated 
calomel  electrode  (SCE) .  A  Keithley  195A  Digital  Multimeter  was 
used  to  monitor  all  potentials.  A  Sartorius  Model  E1200S  Balance 
was  used  to  obtain  all  weights. 

B.  Materials  and  Cbemloals 

All  solutions  were  prepared  using  triply  distilled  water  obtained 
from  a  Dow  Corning  Still.  All  reagents  are  Analytical  Reagent 
Grade  purity.  ASTM  Standard  D  1141-86  [4]  was  used  to  make  the 
substitute  seawater. 

The  materials  examined  in  this  investigation  were  explosively 
bonded  metals  of  the  following  combinations: 

1.  Aluminum  5456:  steel  A516  Ox 

2.  Copper-Hiokel  70:39:  Steel  A516  Gr 

3.  Aluminum  5456:  Titanium:  stainless  Steel  304 

4.  Aluminum  5456:  Titanium:  Copper-Nickel  70:30 

Other  materials,  including  steel  alloy  (4340) ,  aluminum  alloys 
(6061),  stainless  steel  alloy  (304),  and  monel  K  400  were  examined 
in  the  same  manner.  These  materials  were  mounted  in  Extec  fast 
cure  epoxy  resins  after  connected  to  electrical  wire  with  silver 
paint.  The  samples  were  polished  with  sandpaper  of  280,  320,  400 
and  600  grit  and  wiped  with  a  soft  cloth  to  a  mirror  shine.  The 
polished  samples  were  washed  thoroughly  with  distilled  water, 
acetone  and  air  dried.  All  samples  were  allowed  to  equilibrate  in 
ASTM  substitute  seawater  for  one  hour  before  any  electrochemical 
experiments  were  performed.  There  was  no  aeration  of  test  solu¬ 
tions,  and  all  tests  were  conducted  under  ambient  conditions. 

c.  Methods  of  Investigation 

This  investigation  included  the  following  laboratory  tests: 
measurement  of  Polarization  Resistance,  Galvanic  Corrosion  [5]  and 
open  circuit  potential  measurements  to  characterize  the  corrosion 
behavior  of  the  bimetallic  and  individual  components  in  ASTM 
seawater.  The  Constant  immersion  test  in  ASTM  seawater  was 
performed  in  the  laboratory  on  the  explosively  bonded  materials 
listed  above.  Weight  loss  measurements  were  performed  on  all 
explosively  bonded  materials. 
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Field  tests  were  performed  on  the  explosively  bonded  materials  and 
some  components  of  the  bonded  materials.  Field  test  consisted  of 
atmospheric  exposure  and  seawater  wet  do%m  tests.  Weight  loss 
measurements  and  visual  observations  were  made  after  these  tests 
were  completed. 

Polarization  resistance  technique  is  a  method  for  measuring 
corrosion  rates  of  materials  of  interest.  This  technique  is  used 
by  applying  a  controlled-potential  scan  over  a  small  range,  in  this 
case  +/-  10  mV  with  respect  to  Eeorr.  The  resulting  current  is 
linearly  plotted  versus  potential.  The  slope  of  this  potential- 
current  plot  at  Eoorr  is  identical  to  the  Polarization  Resistance, 
which  is  used  with  the  Tafel  Constants  to  determine  Icorr.  A  scan 
rate  of  0.1  mV/ sec  was  used  and  the  potential  range  of  20  mV  was 
scanned  in  about  200  seconds  (3  minutes) .  Since  the  applied 
potential  is  never  far  removed  from  the  corrosion  potential,  the 
surface  of  the  specimen  is  not  destroyed  or  affected  by  the 
experiment,  and  the  same  sample  can  therefore  be  used  for  other 
techniques. 

Galvanic  corrosion  measurement  is  differs  from  all  other 
electrochemical  techniques.  The  corrosion  measuring  system 
measures  the  voltage/current  characteristics  of  two  dissimilar 
metals  immersed  in  a  chloride  medium.  The  corrosion  measuring 
system  primarily  functions  as  a  zero-resistance  ammeter  during  the 
Galvanic  Corrosion  measurements.  Galvanic  Corrosion  is  the  only 
technique  in  which  two  separate  plots  are  produced  by  the  350A 
corrosion  console.  The  first  graph  generated  is  the  voltage  versus 
time  plot.  The  second  graph  is  a  plot  of  current  versus  time. 
From  these  graphs  corrosion  behavior  for  explosively  bonded  pairs 
or  electrically  connected  alloys  were  determined. 

Open  circuit  potential  measurements  were  performed  on  both 
explosively  bonded  materials  and  single  components  comprising  these 
materials.  The  potentials  were  measured  over  a  period  of  time 
(approximately  3  months)  against  SCE.  The  corrosion  behavior 
determined  for  steel  explosively  bonded  to  aluminum, 
repeatedly.  An  average  corrosion  rate  of  1.815  mils  per  year  was 
for  the  reactivity  of  each  material  studied  in  chloride  medium. 

The  field  tests  employed  in  this  study  consisted  of  two  types: 
atmospheric  exposure  (to  marine  environment)  and  seawater  wet  down 
test.  The  atmospheric  test  involved  the  exposure  of  an  explosively 
bonded  specimen  to  a  marine  environment.  The  samples  are  placed  on 
an  ASTM  approved  test  rack  and  exposed  to  marine  elements, 
humidity,  temperature,  UV  radiation  and  stack  gases  (SO2  sulfur 
dioxide) .  The  samples  were  periodically  examined  by  visual 
inspection.  The  seawater  wet  down  test  involved  the  intermittent 
spraying  of  samples  with  seawater  (for  about  10  minutes)  and 
atmospheric  exposure  for  about  50  minutes. 

This  is  by  far  the  most  aggressive  test  used  in  this  investigation. 
The  samples  were  examined  periodically  for  corrosion  products  and 
interfacial  material  failure. 
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The  laboratory  imnersion  test  consisted  of  inmersing  specimen  in 
ASTM  siibstitute  seawater  for  approximately  one  year.  Samples  were 
weighed  and  photographed  before  and  after  the  year  long  test. 
These  results  were  compared  to  a  constant  immersion  field  test, 
where  similar  lapecimens  were  immersed  in  a  constant  immersion 
seawater  tank  for  approximately  one  year  in  another  investigation 
[1]. 

Energy  Dispersing  Analysis  by  X-ray  (EDAX)  and  Scanning  Electron 
Microscopic  (SEN)  analyses  were  performed  on  the  explosively 
bonded  samples.  The  surface  evaluation  techniques  were  used  to 
exaunine  the  bonded  interface  of  the  materials  described  above.  The 
surface  analysis  yielded  Information  on  the  chemical  makeup  of  the 
interface  layers  and  a  visual  look  at  these  layers. 

II.  Results  and  Discussion 

Corrosion  phenomena  at  interfaces  or  transition  joints  has  been 
very  detrimental  to  the  successful  use  of  materials  for  naval 
applications  and  these  are  the  areas  where  most  material  failure 
occurs.  Two  types  of  corrosion  are  basically  responsible  for  this 
material  failure,  galvanic  corrosion  and  crevice  corrosion.  The 
two  work  in  a  synergetic  manner  to  cause  material  deterioration  and 
eventually  material  failure.  This  investigation  is  an  attempt  to 
characterize  the  interface  and  the  materials  which  comprise  this 
interface  and  make  a  comparison  between  two  types  of  interfaces, 
bonded  and  electrically  connected  interfaces.  The  bonded  interface 
of  the  explosion  welded  material  is  both  strong  and  resistant  to 
corrosive  environments.  These  traits  make  it  a  viable  alternative 
to  conventional  bolted  or  welded  interfaces.  This  discussion  for 
convenience  has  been  divided  into  three  sections:  (1)  electrochem¬ 
ical  studies  (laboratory  tests),  (2)  field  tests  and  (3)  SEM  and 
EDAX  analyses. 

Section  1.  Electrochemical  studies 

A  comparison  wets  made  between  the  galvanic  corrosion  behavior  of 
explosively  bonded  aluminum  alloy  to  steel  alloy  and  aluminum  alloy 
electrically  coupled  to  steel  alloy  in  ASTM  substitute  seawater. 
Figure  1  is  a  typical  graphic  presentation  of  galvanic  currents 
versus  time  for  aluminum  alloy  bonded  to  steel  and  aluminum  alloy 
electrically  coupled  to  steel.  In  the  case  of  the  electrical 
couple,  the  galvanic  corrosion  current  measurements  exhibit  the 
classical  decrease  in  current  with  respect  to  time  following  the 
galvanic  corrosion  process.  As  galvanic  corrosion  proceeds  the  two 
metals  are  shorted  (in  this  case  steel  alloy  and  aluminum  alloy), 
making  them  approach  a  mutual  potential.  As  the  potentials 
converge,  the  corresponding  galvanic  current  decreases  with  time. 

In  sharp  contrast,  the  explosively  bonded  couple  generates  a  very 
negligible  galvanic  current  that  does  not  appreciably  change  with 
time  (small  magnitude  of  current  measurements) .  This  observation 
implies  that  no  detectable  corrosion  occurs  between  the  aluminum 
and  steel  interface. 
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Except  for  some  surface  activity  in  the  beginning  phases  of  testing 
(visible  corrosion  products  on  both  surfaces  in  seawater) ,  there 
was  little  fluctuation  observed  for  the  galvanic  current  measure¬ 
ments.  The  galvanic  corrosion  behavior  was  consistent  for  other 
alloys  studied  and  showed  similar  current-time  relations. 

Figure  2  is  a  typical  plot  of  the  galvanic  potentials  (also 
measured  during  the  galvanic  experiment)  as  a  function  of  time  for 
aluminum  coupled  to  steel.  Galvanic  potential  measurements  of 
electrically  coupled  materials  showed  similar  behavior  to  that  of 
explosively  bonded  materials.  This  comparison  is  quite  different 
from  the  galvanic  currents,  where  there  is  a  drastic  distinction 
between  explosively  bonded  and  electrically  connected  couples.  The 
potentials  of  this  connection  are  approximately  -0.780v  (vs  SCE) , 
and  show  constant  behavior  during  the  test  range  of  90  days.  The 
fluctuation  of  potentials  in  the  initial  stages  is  consistent  with 
the  fact  that  surface  activity  is  greater  in  the  early  stages  of 
measuring.  Visual  observations  of  these  materials  concur  with  the 
galvanic  current-time  results.  There  were  no  signs  of  deterioration 
of  interface  where  the  explosively  bonded  materials  are  bonded  and 
virtually  no  surface  activity  was  observed  after  45  days  of 
testing. 

Crevice  corrosion  occurs  at  an  area  of  joining,  such  as  at  a  lap 
joint,  beneath  surfaces,  and  spaces  where  collection  of  Lioisture  is 
possible.  Because  of  the  physio-chemical  nature  ol  the  explosion 
bond,  the  crevice  or  dead  space  is  eliminated  and  thus  removes  one 
requirement  for  galvanic/crevice  corrosive  interactions. 

Galvanic  corrosion  is  the  deterioration  of  metal  as  a  result  of  the 
coupling  of  two  dissimilar  materials  in  a  medium  and  galvanic 
current  flow  due  to  the  difference  in  their  potentials.  The 
crevices  allow  electrolyte  to  collect  (in  this  case  seawater)  which 
facilitates  the  galvanic  corrosion  process  (allows  a  path  for 
electrons) .  The  elimination  of  the  crevice,  ensures  the  removal  of 
this  path  for  electrons  to  flow  (collection  of  electrolyte)  .  These 
agrees  with  the  observation  made  by  Carpenter  [6]  for  aluminum 
explosively  bonded  to  steel  and  in  3.5%  NaCl  water  solution  showed 
no  accelerated  corrosion  along  the  bond  zone.  Naval  hardware 
utilizing  explosively  bonded  materials  have  been  found  to  perform 
well  in  the  harsh  marine  environments  [7].  Again,  the  elimination 
of  the  galvanic  and  crevice  corrosion  effects  are  attributed  to  the 
success  of  explosively  bonded  materials. 

Open  circuit  potential  measurements  (OCP)  were  made  in  ASTM 
substitute  seawater.  Each  specimen  was  approximately  1.27cm  x 
1.27cm  and  were  mounted  in  EXTEC  XL14730  Epoxy  resin/XL14733 
hardener.  The  types  of  specimens  studied  were: 

a.  uncoupled  aluminum 

b.  uncoupled  steel  alloy 

c.  bonded  steel  and  copper-nickel  (70%: 30%) 
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d.  bonded  stMl  and  aluniniui 

e.  bondad  staal/titaniun/aluninua 

f.  bondad  aluninun/titaniun/ooppar-nlokal  (70%: 30%) 

The  open  circuit  potentials  were  measured  with  a  Keithley  195A 
Digital  Multimeter  and  a  saturated  calomel  electrode  (PAR  model 
K0077  with  vycor  tip)  as  the  reference  electrode.  The  period  of 
measurement  was  every  24  hours  over  a  five  month  duration.  During 
each  measurement  the  vycor  tip  of  the  SCE  was  placed  within 
distance  of  1.48  cm  from  the  test  specimen.  A  volume  of  250 
milliliters  of  test  solution  was  used  for  each  cell.  Evaporation 
was  compensated  for  by  the  periodic  addition  of  distilled  water. 

Table  1  is  a  list  of  various  materials  studied  and  their  open 
circuit  potentials.  The  potentials  shown  in  Table  1  are  average 
values  of  OCP  over  a  span  of  thirty  day.  A  comparative  study  of 
OCPs  versus  Time  of  aluminum,  copper-nickel  (70%: 30%)  and  aluminum 
bonded  to  copper-nickel  (70%: 30%)  has  been  performed.  A  typical 
plot  of  OCP  versus  Time  is  shown  in  Figure  3.  The  potentials  for 
the  explosively  bonded  pair  were  slightly  more  negative  than 
aluminum,  when  compared  to  both  of  the  uncoupled  metals.  This 
should  be  expected  since  copper-nickel  is  cathodic  to  aluminum  and 
drives  the  potential  of  the  bonded  pair  in  the  negative  direction. 
The  fluctuations  in  the  initial  stage  of  testing  can  be  attributed 
to  surface  activity  or  corrosion  (sannple  showed  visible  corrosion 
products)  of  the  two  alloys. 

Another  factor  that  contributed  to  this  fluctuation  is  the  fact 
that  the  bonded  pair  behaves  like  a  galvanic  couple.  The  potential 
of  this  couple  is  close  to  the  open  circuit  potential  of  aluminum. 
The  single  components  showed  only  constant  behavior  during  the  test 
period. 

Consistent  with  theory,  the  open  circuit  potentials  of  galvanically 
coupled  materials  should  change  with  time  (shorting  effect) .  The 
mechanism  for  this  variation  is  that  the  more  noble  component  (e.g. 
steel)  has  a  tendency  to  drive  the  less  noble  component  (e.g. 
aluminum)  to  more  cathodic  potentials.  Open  circuit  potentials  of 
single  specimens  should  change  only  as  the  surface  activity 
changes  as  a  function  of  time  (since  no  current  is  flowing  between 
the  working  and  reference  electrodes) .  Because  of  the  depletion  of 
oxygen  (stagnant  solution)  corrosion  appears  to  be  slow  after  about 
45  days  for  the  explosively  bonded  materials  (constant  behavior 
shown  in  Figure  3) . 


Visually  corrosion  products  were  observed  on  all  surfaces  tested. 
There  was  no  sign  of  corrosion  at  the  interfaces  which  remain 
unaffected  by  the  corrosive  environment.  Figure  4  shows  the 
comparative  behavior  of  three  explosively  bonded  materials.  After 
about  45  days  the  potentials  for  the  three  explosively  bonded 
materials  converged. 
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TABLE  1 


OPEN  CIRCUIT  POTENTIAL  MEASUREMENTS  MADE  ON  VARIOUS 
ALLOYS  AND  METALS  IN  ASTM  SEAWATER 


vs  SCE 

TITANIUM 

+0. 0989V 

MORE  NOBLE 

STAINLESS  STEEL 

+0. 0695V 

> 

MONEL 

-0.1135V 

COPPER-NICKEL 

-0.1820V 

CARBON  STEEL 

-0.7100V 

> 

/ 

ALUMINUM 

-0.7290V 

LESS  NOBLE 

ALUMINUM ; TITANIUM : STEEL 

-0.685V 

ALUMINUM : TITANIUM : 
COPPER-NICKEL 

-0.759V 

ALUMINUM: STEEL 

-0.764V 

The  plot  in  Figure  4  suggests  (1)  surface  activity  influences  the 
potentials  in  the  early  stages  of  measuring  and  (2)  that  the 
explosive  bonded  interfaces  are  stable  in  corrosive  solution  after 
about  45  days.  The  open  circuit  potential  of  copper-nickel  is 
about  -0.182V  (vs  SCE) ,  stainless  steel  is  -i-0.0695v  (vs  SCE)  and 
aluminxim  is  about  -0.729v  (vs  SCE).  The  explosively  bonded 
materials  involving  these  combinations  of  individual  ones  have 
potentials  between  -0.750v  and  -0.900v  (vs  SCE) . 


Section  2.  Field  Tests  Studies 

Samples  exposed  to  marine  atmosphere  were  taken  out  after  1  year, 
cleaned,  reweighed  and  photographed.  The  interfaces  on  each  bonded 
material  was  examined  for  loss  of  integrity  and  material  failure. 
Corrosion  products  were  observed  on  the  surface  of  the  bonded 
materials  but  the  interface  showed  no  sign  of  material  failure 
associated  with  dissimilar  metals  joints.  From  weight  loss 
measurements,  a  corrosion  rate  of  approximately  2.0  mils  per  year 
was  calculated  for  explosively  bonded  material  of  aluminum  bonded 
to  steel. 


Explosively  bonded  materials  were  svd^jected  to  two  types  of 
immersion  tests.  One  was  dynamic  and  the  other  was  static,  one  a 
field  test  and  the  other  a  laboratory  test.  After  an  interval  of 
one  year  in  ASTM  seawater  (laboratory  immersion  test)  the  interfac¬ 
es  were  not  affected  by  the  chloride  environment. 

A  similar  immersion  test  done  in  the  field  concurred  with  the 
laboratory  test.  The  field  test  has  been  ongoing  for  approximately 
three  years  with  no  effect  on  the  interface. 

Section  3.  SEM  and  EDAX  analysis 

Four  explosively  bonded  specimens  were  analyzed  using  SEM  and  EDAX. 
The  samples  examined  were  (1)  aluminum  bonded  to  steel,  (2)  copper- 
nickel  bonded  to  steel,  (3)  aluminum  bonded  to  titanium  bonded  to 
steel,  (4)  aluminum  bonded  to  titanium  bonded  to  copper-nickel. 
For  all  but  one  of  the  samples  there  was  an  intermetallic  layer  at 
the  Interface.  The  only  sample  not  containing  at  least  one 
intermetallic  layer  was  the  copper-nickel  bonded  to  steel  specimen. 

The  intermetallic  layer  is  the  area  where  both  metals  are  said  to 
have  formed  a  chemical  and  a  physical  bond.  In  the  first  specimen, 
aluminum  bonded  to  steel,  SEM  photographs  showed  four  distinct 
layers. 

The  four  layers  are  aluminum  (layer  A)  ,  interlayer  I  (layer  B) , 
interlayer  II  (layer  C) ,  and  steel  (layer  D) .  In  Figure  5,  three 
of  the  four  layers  are  clearly  shown.  Layers  B  and  C  were  found  to 
contain  aluminum  surrounded  by  iron  particles  and  iron  surrounded 
by  aluminum  particles,  good  indication  physical  chemical  bonding. 
There  is  excellent  agreement  between  EDAX  chemical  spectral 
analysis  and  the  SEM  photographic  analysis.  Figure  6  is  an  EDAX 
spectra  of  the  interlayer  II  showing  the  presence  of  aluminum  and 
iron.  The  chemical  composition  of  layer  C  is  given  in  the  inset  of 
Figure  6.  The  table  shows  a  layer  rich  in  aliuninum  (73%)  and  iron 
(23%) .  Based  on  visual  observations,  field  tests,  surface  analysis 
and  electrochemical  data  the  interface  between  aluminum  bonded  and 
steel  performed  well  in  aggressive  marine  environments. 


A  strong  factor  for  the  good  performance  of  explosively  bonded 
materials  is  the  elimination  of  crevices  and  the  use  of  a  filler 
metals  found  in  conventional  welding.  This  eliminates  the 
synergistic  effect  of  galvanic  (dissimilar  metals)  and  crevice  (the 
collection  of  seawater  in  unreachable  spaces)  corrosion.  The  fact 
that  a  chemical  bond  is  formed  at  the  interface  ensures  non¬ 
separation  of  the  metals  by  mechanical  means  only.  With  a  welded 
or  bolted  joint  configuration,  this  assurance  cannot  be  made. 
Figures  7  and  8  are  SEM  photographs  of  aluminum  bonded  to  titanium 
and  copper-nickel,  and  EDAX  of  the  interface  between  alxminum  and 
titanium.  The  SEM  photograph  shows  very  distinct  bonding  patterns 
between  the  three  metals. 
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These  strong  inter  facial  patterns  underscore  the  fact  that  there  is 
no  limit  to  the  combination  of  materials  that  can  be  joined  through 
explosive  bonding. 

Based  on  the  co..ro8ion  tests  and  EDAX  data,  there  are  endless 
possibilities  for  use  of  these  materials  in  aggressive  environment. 
Their  usage  will  definitely  improve  service  life  cycles  of 
structures  and  equipment  exposed  to  marine  environment. 

The  only  explosively  bonded  material  without  an  intermetal  lie  layer 
is  copper-nickel  bonded  to  steel.  The  performance  of  this  material 
in  the  marine  environment  was  comparable  to  the  other  materials 
with  distinct  interlayers. 

The  EDAX  spectral  analysis  showed  no  interlayer  but  near  the 
interface  a  composition  of  copper  (65%) ,  nickel  (28%) ,  and  traces 
of  iron,  silicone  and  aluminum  on  the  copper-nickel  side.  The 
composition  on  the  steel  side  is  iron  (94%)  with  traces  aluminum 
and  silicone.  The  explanation  is  that  the  interlayer  is  present 
but  indistinguishable.  The  fact  that  there  is  some  sharing  of 
trace  metals  is  a  good  indicator  that  a  minute  indiscreet  layer 
might  exist. 

III.  Conclusions 

Based  on  the  results  obtained  from  the  field  tests  and 
electrochemical  studies,  it  can  be  concluded  that  explosively 
bonded  materials  perform  well  in  chloride/marine  environments. 
When  galvanic  and  crevice  corrosion  are  major  concerns  in  material 
selection,  explosively  bonded  materials  appears  to  be  an  attractive 
alternative.  The  data  presented  in  this  paper  provide  evidence 
for  the  use  of  explosively  bonded  materials  in  marine  environments 
for  naval  applications  where  conventional  joints  have  not  been 
successful . 

The  electrochemical  studies  show  that  (1)  explosively  bonded 
materials  do  not  behave  like  traditional  galvanically  coupled 
components  and  (2)  the  galvanic  potentials  are  fairly  stable  in 
seawater  (chloride  medium) . 

The  field  tests  results  agree  with  the  electrochemical  studies  and 
show  that  explosively  bondev.1  materials  do  perform  well  in  real  time 
marine  environment. 

The  surface  analysis  results  show  strong  evidence  of  chemical  and 
physical  interactions  between  explosively  bonded  components.  The 
EDAX  analysis  shows  an  interlayer  (Figure  6)  rich  in  both  compo¬ 
nents  (aluminum  and  iron) .  This  fact  suggests  that  the  interface 
is  a  combination  of  both  alloys.  The  surface  analysis  also 
suggests  that  a  variety  of  alloy  combinations  are  possible  and  the 
similar  interfacial  mixing  is  achieved.  Recent  efforts  have  proven 
that  molybdenum  can  be  bonded  by  the  explosive  bonding  process  [9] . 
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IN1ENSITY 


FIGURE  S.  SEM  FHOTOSRAfH  OF  ALUMINUM  ftONOED  TO  mil 
INTERFACE  AT  SOOX  (ROUSHEO  SURFACE) 
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Abstract 

In  order  to  determine  the  Stress  Corrosion  Cracking  suscep¬ 
tibility  of  a  selected  marine  steel  with  and  without  welding, 
using  various  welding  techniques.  the  following  tests  were 
performed;  Constant  strain  tests  were  carried  out  in  Persian  Gulf 
for  seven  months.  In  the  laboratory,  slow  strain  rate  tests  were 
done  in  natural  sea  water  and  in  3.5t  NaCl  solution.  Also  in 
laboratory  corrosion  rates  of  the  t  asc  metal  and  weld  metals  were 
measured  using  weight  loss  measurements  and  electrochemical 
polarization  tests.  In  addition.  Scanning  Electron  Microscopy 
was  employed  to  investigate  the  nature  and  characteristics  of  the 
fracture  surfaces  of  tested  specimens.  The  results  indicated 
that:  1.  all  the  weld  metal  zones  were  anodic  compared  to  the 
base  metal,  thus  corroded  with  a  higher  rate.  2.  Arc  welding  with 
coated  electrode  exhibited  better  mechanical  and  corrosion 
properties,  compared  with  the  other  welding  techniques  which  were 
used  in  this  research  work.  Neither  the  steel  nor  its  weldments 
showed  any  sign  of  SCC  susceptibility. 


Key  terms:  Stress  Corrosion  Cracking,  Marine  Steel,  Weldmends, 
Persian  Gulf 


Introduction 

Stress  Corrosion  Cracking  (SCC)  often  causes  unexpected  costly 
failures,  this  is  due  to  the  lack  of  visual  evidence  of  corrosion 
as  compared  with  uniform  and  localized  corrosion.  SCC  is  a  crack¬ 
ing  phenomenon  under  conjoint  action  of  tensile  stress  and  corro¬ 
sion,  which  happens  for  some  metals  in  specific  environments.  In 
other  words  there  are  three  main  factors  acting  together  in  SCC. 
1.  Tensile  stress,  which  can  be  working  or  designed  stress, 
residual  and  thermal  stresses  due  to  welding  and  other  opera¬ 
tions.  2.  corrosion  environment  which  will  be  affected  by  major 
and  minor  chemical  composition,  temperature,  velocity  or  tur¬ 
bulence,  and  even  biological  activities  of  the  environment.  3. 
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The  susceptibility  of  the  metal  to  SCC.  which  can  be  affected  by 
the  chemical  composition,  micro  structure,  thermal  and  mechanical 
operations. 

Sea  water  is  a  complex  biochemical  broth.  I is  uumiual  chemical 
composition  is  2.9lNaCl  plus  0.4tMgSO4,  but  in  reality  it  con¬ 
tains  trace  of  just  about  everything  one  can  imagine*^’.  Its  high 
chlorinity  makes  it  corrosive  to  most  of  metals  and  alloys. 
Chloride  also  causes  localized  corrosion  and  SCC  in  many  metals. 
The  action  of  biological  organism  also  create  a  complex  situation 
for  predicting  the  performance  of  alloys  in  sea  water.  So  whereas 
there  are  cases  that  the  resu'lts  of  SCC  of  steel  in  national  sea 
water  is  identical  to  the  results  in  3.S*  NaCl  solution,  ‘  ^  , 
there  are  other  cases  where  different  behavior  has  been 
reported  '  . 

The  purpose  of  this  research  was  to  evaluate  the  SCC  suscep¬ 
tibility  of  a  domestically  produced  selected  marine  steel  and  its 
weldments  in  Persian  Gulf  water.  Also  the  effects  of  various 
welding  techniques  were  studied.  Constant  strain  tests  were  per¬ 
formed  in  Persian  Gulf  for  7  months.  In  laboratory,  Slow  Strain 
Rate  (SSR)  tests  were  performed  in  natural  sea  water  and  also  in 
3.5%  NaCl  solution.  In  addition,  the  corrosion  rates  of  the  base 
metal  and  the  weld  metal  were  measured  using  weight  loss  and 
electrochemical  polarization  teats.  Optical  and  Scanning  Electron 
Microscopes  were  also  employed  to  investigate  the  micro  structure 
of  weld  metal,'  heat  affected  zone  (HAZ)  and  fracture  surfaces  of 
the  specimens,  respectively. 

Experimental 

Specimens  preparation.  The  specimens  for  various  tests  were  cut 
from  6  mm  plate  of  the  selected  marine  steel.  The  chemical  com¬ 
position  and  mechanical  properties  of  this  steel  are  shown  in 
Tables  1  and  2  respectively.  For  weldments  the  one  sided  V  notch 
was  used.  The  specimens  were  pre  heated  to  about  150  prior  to 
welding.  The  low  hydrogen  electrodes  were  dried  at  100  "C  before 
being  used  for  welding.  The  following  welding  techniques  were 
used:  For  constant  strain  tests  1.  Metal  Arc  with  coated 
electrode  type  AWS6013,  2.  Tungsten  Metal  Arc  with  uncoated 
electrode  made  from  the  base  plate  steel,  3.  Metal  Arc  with 
coated  electrode  type  super  SHOO,  4.  Acetylene  gas  welding  using 
filler  metal  from  the  base  steel.  For  immersion  ,  polarization 
and  SSR  tests  the  following  testing  procedures  were  used:  1.  Arc 
Weld  using  coated  electrode  type  AWS7016-1,  2.  Tungsten  Metal  Arc 
with  inert  gas  and  coated  electrode  type  OK73-08. 

Immersion  Tests,  Immersion  tests  were  used  to  measure  the  corro¬ 
sion  rate  of  the  base  metal,  with  and  without  welding,  using  AS^M 
G1  standard.  The  specimens  dimensions  were  20x50x2  mm. 
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Polarization  Tests.  Cathodic  and  anodic  polarization  of  the  steel 
and  weld  setals  were  deterained  by  potentiodynaaic  technique 
based  on  ASTM  G5-87.  Corrosion  rate  of  the  speciaens  were  also 
calculated  using  linear  polarization  technique.  The  electrocheai- 
cal  aeasurements  were  pet  formed  using  standard  potentiostat 
Wenking  model  ST72,  with  Ag/AgCl  reference  electrode. 

Constant  Strain  SCC  Tests.  Fio.  1  shows  i  In-  i ),. 

of  t  he  si'orimon  whi  c!-.  w.:-i  ••  ussni  fii  tin-;'*  •f::per iments .  Constant 
r.ti  ;M.  f.r’f  •.  ;  were  performed  according  to  ASTM  G39.  The 

specimens  were  exposed  to  Persian  Gulf  water,  in  Bandar  Abbas 
Coasts  at  various  depths  of  5,  7,  and  9  meteis  for  7  months.  The 

applied  stress  on  all  the  specimens  wei e  yield  stress  of  tin 
steel  (54  Kg  nun  /.  In  oidei  t'.-  avoid  galvani*.  and  cievise  coi  i 
•siciii  the  nuts  and  bolts  at  both  ends  of  the  specimens  we! 
I'overed  with  a  special  autirust  maijii*'  pii  niie-i  . 

Slow  Strain  Rate  (SSR)  Tests.  Fig.  2  shows  the  details  of  the 
specimens  which  were  used  in  SSR  tests.  For  these  tests  a  SSR 
testing  machine,  based  on  the  recommendation  of  the  Parkins'^’, 
was  designed  and  constructed.  The  strain  rate  used  was  3x10  *' 
sec'^.  This  was  based  on  the  previous  results  obtained* ^ ^ . 
Stress  -  strain  curves  for  specimens  without  welding  and  welded 
in  the  gauge  length  area  using  various  techniques  were  obtained. 
These  curves  were  plotted  in  various  conditions  including:  air, 
seawater  and  3.51  NaCl  solution.  The  fracture  surfaces  of  the  SSR 
specimens  were  studied  using  a  Scanning  Electron  Microscope,  JEOL 
model  S6400. 


Results  and  DISCUSSION 

Fig.  3  shows  the  corrosion  rate  of  the  specimens  with  and  without 
welding  in  Persian  Gulf  water  and  a  3.51  NaCl  solution  as  deter¬ 
mined  by  Laboratory  Immersion  Test.  It  is  shown  that  welding  has 
decreased  the  corrosion  rate.  Inspection  of  the  specimens  indi¬ 
cated  that  the  weld  metal  has  corroded  preferentially  and 
cathodically  protected  the  base  metal.  This  is  obviously  related 
to  the  electrode  composition  and  does  not  seem  to  be  influenced 
by  welding  technique  (compare  specimen  1  and  3,  i.e.  same 
electrode,  but  different  welding  technique).  Electrode  material 
in  specimen  4  contained  some  Cu  and  Ni  and  therefore  resulted  in 
less  protection  and  thus  higher  corrosion  rate  (Compare 
specimens  2  and  4,  i.e.  same  welding  technique  but  different 
electrode  materials). 

Fig.  4  shows  the  potentiodynamic  polarization  curves  of  the  base 
metal  and  weld  metals,  in  Persian  Gulf  water  and  in  a  3.5\  NaCl 
solution.  All  the  data  on  these  curves  have  been  summarized  in 


table  3.  The  corrosion  rates  obtained  for  the  base  metal  and 
weld  metal  using  linear  polarization  technique  are  also  sum¬ 
marizes  in  Table  3.  It  is  noted  that  all  the  specimens  show  a 
lower  corrosion  rate  in  Persian  Gulf  water  as  compared  with  3.51 
NaCl  solution.  It  is  also  noted  that  the  corrosion  potential  of 
the  weld  metals  are  more  active  than  the  base  metal  and  thus  the 
weld  metal  can  cathodically  protect  the  base  metal.  these  1  ii 
agreement  with  corrosion  rates  obtained  by  inL’iw?r c i :  n  tt  Jtc  . 


Fig,  5  shows  t!;.  tyi.i..:;’  ■  .  •  i.- t  .^.ii  ^I|  i!;.  i-r  .  ininiei  i  i-'i  ci'. 

■b:y.  !i.-;  i.  f  r,  ■’  ;  "  mete  is  below  sc-a  -Auler  suiface  foi 

ill  1  r  I  i,  an  ij  I ■  P-ix  I  icj  cn  I  A1  >1  ■  i  C’  ‘  •  • .  ■  • ,  ■  ■  ■ 


•  ;  •  f  .  '  _  ■  ■  '  •  ’  ;  I  imiriis,  they 

N<.'  eiacbang  was  observed  in  neither  of 
spec  1  mens . These  results  indicate  that  neither  the  base  metal,  noi 
the  weld  specimens  were  susce-ptible  to  SCC  in  PeisJ  in  Gulf 


Fig.  6  shows  the  stress  -  strain  curves  for  the  steel  with  and 
without  welding,  as  was  obtained  by  SSR  testing  machine.  The 
specimens  were  tested  in  air  as  well  as  in  Persian  Gulf  water  and 
3 . NaCl  solution.  The  results  of  these  curves  are  summarized 
in  Fig. 7.  It  is  noted  that  only  for  materials  without  welding, 
there  is  significant  reduction  in  ductility  of  the  specimen 
tested  in  air  as  compared  with  sea  water  and  3.5t  NaCl  solution. 
Although  this  is  not  to  that  extent  to  be  related  to  CCC  suscep¬ 
tibility. 

Fig.  8  shows  the  typical  SEM  of  the  fractured  surfaces  of  thc- 
specimens  with  and  without  welding,  tested- by  SSR  testing  machine 
in  air,  Persian  Gulf  water  and  a  3.5’  NaCl  solution.  all  the 
fractured  surfaces  showed  dimpled  fracture  and  indicated  exten¬ 
sive  ductility  which  is  the  evidence  of  non  susceptibility  to 
see.  In  Fig.  8C  there  are  areas  which  were  suspected  as  being 
cleavage  brittle  fracture.  Inspecting  the  corresponding  stress  - 
strain  curve  in  Fig.  7,  clearly  indicated  the  lack  of  any  dif¬ 
ferences  in  mechanical  properties  of  specimens  tested  in  air 
compared  with  Persian  Gulf  water  and  3.5%  NaCl  solution.  There¬ 
fore,  it  was  clearly  concluded  that  such  areas  as  in  Fig.  8C  were 
due  to  the  corrosion  products  and  not  due  to  brittle  fracture. 


Conclusion 

1.  All  the  weld  metals  were  anodic  to  the  base  metal  and  provided 
protection  for  it.  The  degree  of  protection  depended  upon  the 
composition  of  the  electrode  and  was  independent  of  welding  tech¬ 
nique. 

2.  Constant  strain  specimens  immersed  in  Persian  Gulf  water  at 
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the  depths  of  5,  7  and  9  meters «  for  7  months,  also  did  not  show 
any  indication  of  SCC  susceptibility,  for  the  steel  with  and 
without  welding. 

3.  SSR  test  results  did  not  show  any  indication  of  SCC  suscep¬ 
tibility  for  the  steel  with  and  without  welding. 

4.  SEM  fractographs  of  fractured  surfaces  of  SSR  tests  also  did 
not  show  any  indication  of  SCC  susceptibility  for  the  steel  with 
and  without  welding. 

5.  Neither  the  base  metal  nor  its  weldments  were  susceptible  to 
SCC  in  Persian  Gulf  water 
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Table  1.  Chemical  composition  of  the  selected  marine  steel 

Element  C  Mn  Si  P  S  Cr  Ni  Cu  Fe 

Wt.%  0.251  0.741  0.549  0.013  0.013  O. 585  0.554  0.394  Bal 


Tol>le  2.  N-echanical  properties  of  the  selected  mai  iij*"  steel 

Deiisity  y  cm  ■'  .  85 

naidne.-s  KB  '-P 

F 1 I ■')!)■  e  Si  l  ength  ICij  rimi  ■p'' 

Modules  of  Ela-stii-ity  Kg  mm  ■’  j3S9  0 

Td.'-.sel  .St  length  Kg  miii  ’  75 

Yield  Strength  Kg  nut.  -  54 


Table  3.  Data  obtained  from  polarization  and  immersion  tests 
Corrosion  Polarization  test  Immersion  test 


environment 

E  c  o  r  r  . 

I  c  o  r  »•  . 

CR 

CR 

mv 

i|A  cm'^ 

mpy 

mpy 

Selected  steel  without 

welding 

Persian  Gulf  water 

-688 

26 

11.8 

2.1 

3.5®NaCl  solution 

-658 

38.2 

17.3 

3.7 

Welded  steel,  Metal  Arc 

with 

coated  electrode,  OK 

73/08 

Persian  Gulf  water 

-694 

24.6 

11.1 

1.95 

3.5%NaCl  solution 

-689 

48.8 

22.1 

2.62 

Welded  steel,  Metal  Arc 

with 

coated  electrode,  AWS 

7016- 

1 

Persian  Gulf  water 

-709 

32.2 

14.6 

1.7 

3.5%NaCl  solution 

-693 

183.2 

82.2 

1.26 

Welded  steel.  Tungsten 

Arc  with 

uncoated 

electrode , 

AWS 

7016 

Persian  Gulf  water 

-728 

26 

11.8 

1.71 

3.5%NaCl  solution 

-719 

40.2 

18.2 

1.2 
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Fig.  1.  the  details  of  design  of  constant  strain  test  specimens 
used  in  this  study,  (a)  without  welding,  (b)  transvers  welds,  (c) 
longitudinal  welds. 


.J5  -^1 


Fig.  2.  The  details  of  the  tensile  specimens  used  in  SSR  tests 


Fig.  3.  Corrosion  rate  of  the  steel  and  its  weldments  as  deter¬ 
mined  by  immersion  tests.  Duration  of  the  test:  45  days. 
•  Persian  Gulf  water,  o  3.5%NaCl  solution. 


Current  Density  ,  uAcm'  *  Current  Density  ,  uAcm  ■■ 

Fig.  4.  Potentiodynamic  polarization  curve  of  the  steel  and  the 
weld  metals.  (a)  the  steel,  (b)  Metal  Arc  welding  with  coated 
electrode  AWS  7016-1,  (c)  Tungsten  Inert  Gas  welding  with  un¬ 
coated  electrode,  (d)  Metal  Arc  welding  with  coated  electrode  AWS 
7016-1 . Persian  Gulf  water,  _  3.5%NaCl  solution. 
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Fig.  5.  The  typical  constant  strain  specimens  immersed  at  the 
depth  of  Ti ,  7,  and  9  meters  for  7  ir-mihs  n.  It  isian  Gulf  (Band-o 
Abbas),  before  and  after  cleaning. 


Elongation,  t  Elongation.  % 

Fig.  6.  Stress  strain  curves  for  tensile  specimens  as  used  by 
SSR  testing  machine  with  and  without  welding.  (a)  without  weld¬ 
ing,  (b)  Metal  Arc  welding  with  coated  electrode  AWS  7016-1,  (c) 
Metal  Inert  Gas  welding  with  uncoated  electrode  AWS  7016-1,  (c) 

Metal  Arc  welding  with  coated  electj.  r  ''  '  t . 

-  Air,  . Persian  Gulf  wate:  ,  3.5“NaCl  solution. 


Selected  steel  I 


I  Hetal  Arc  welilinij,  r'ofilcd 
electrode.  OK73/OQ 


Metal  Arc  welding,  coated 
electrode.  AWS7016-1  Tungsten  Inert  Cas  welding. 

uncoated  electrode.  AWS7016-1 

i.  'j  .  V  1..  1.  L  riCl  hi  I-  ‘  jrp  :  J  *  .  .  .  -  - 

in  Fig.  6  . 


Figure  8a 


Ihfr  tensile  speci/i.eri.-  wiU:  without  welding,  as  obtained  by 

SSF  tests.  Top  to  bottom  in:  Air,  Persian  Gulf  water,  and 


3.5tNaCl  solution,  (a)  without  welding, (b)  Metal  Arc  welding  with 
coated  electrode  AWS  7016-1,  (c)  Metal  Inei t  Gas  welding  with  uii- 
coated  electrode  AWS  7016-1. 
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Abstract 

This  study  focuses  primarily  on  the  effects  of  biofouling,  (such  as  barnacles,  algae, 
etc.)  on  composite  surfaces  which  have  been  submerged  in  the  Gulf  of  Mexico  for  six 
months.  Adapting  a  technique  developed  by  Perkinson^  the  surface  of  submerged 
samples  are  compared,  using  Fourier-transform  infrared  spectroscopy,  to  control 
samples  previously  subjected  to  a  distilled  water  environment.  Quantitative 
examination  of  the  resulting  infrared  spectra  gives  insight  into  the  negligible 
chemical  changes  taking  place  on  the  composite  surface.  Optical  microscopy  is  also 
used  to  explore  macroscopic  degradation. 

Key  terms:  polymer  composite,  FTIR,  biofouling,  degradation 
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Introduction 

As  our  itatural  resources  begin  to  diminish,  oil  companies  will  inevitably  need  to 
drill  to  deeper  ocean  depths.  Hence,  revolutionary  changes  must  be  made  to  replace 
heavy  traditional  materials  with  lighter,  more  buoyant,  high  strength  alternatives, 
such  as  Fiber  Reinforced  Plastics,  for  oil  drilling  platforms.  However,  testing  must 
be  done  to  assure  the  stability  and  reliability  of  the  polymer  composites  in  a  harsh 
seawater  environment.  Much  work  has  b^n  done  to  understand  the  effects  of 
moisture  absorption  on  the  physical  properties  of  high  performance  polymer 
composites.  Most  notably,  Antoon  and  Koenig^'^  have  examined  the  reversible  and 
irreversible  property  losses  due  to  plasticization  by  water  of  a  diglycidylether  of 
bisphenol-A  (DGBA)  epoxy  resin  as  examined  by  Fourier- transform  infrared 
spectroscopy  (FTIR).  Apicella  and  Nicolais^  also  examined  this  plasticization 
phenomena  using  a  tetraglycidyl-4,4'-diaminodiphenylmethane  (TGDDM)  resin 
crosslinked  with  diaminodiphenyl  sulfone  (DDS)  in  their  book  chapter.  However, 
little  work  has  been  done  to  examine  the  effects  of  biofouling  on  epoxy  resin  or 
composite  properties.  Our  work  addresses  the  use  of  FTIR  spectroscopy  to  examine 
the  effects  of  microorganisms  in  Texas  gulf  water  on  several  glass  and  fiber 
reinforced  polymer  composites. 


Experimental 

Seven  polymer  composite  systems  were  obtained  from  Dow  Chemical  and 
submerged  off  the  Texas  coast  for  six  months.  System  1  is  a  TGDDM  epoxy 
crosslinked  with  DDS  and  enhanced  with  T2C145  graphite  fibers.  System  2  is  also  a 
TGDDM/DDS  epoxy  with  an  aramid  network  and  IM7  graphite  fibers.  IM7  graphite 
fibers  were  also  used  in  System  3  but  the  epoxy  is  the  tricydic  hydrocarbon,  fluorene, 
again  crosslinked  with  DDS.  Systems  4  and  5  are  glass  reinforced  with  vinylester 
resins.  They  are  Derakane  410  and  511  respectively.  Systems  6  and  7  are  also  the 
Derakane  vinylester  resins  but  are  reinforced  with  graphite  fibers  410  and  511 
respectively.  Samples  from  each  system  were  set  aside  prior  to  submersion  in  the 
Gulf  for  control  purposes.  However,  to  factor  out  the  water  contribution  to  surface 
alterations,  the  controls  were  submerged  in  distilled  water.  All  samples  were  air 
dried  for  at  least  seventy-two  hours  before  FTIR  preparation.  All  other  chemicals 
and  solvents  were  obtained  from  Aldrich®  and  used  as  received. 

Absorbance  spectra  in  the  mid-infrared  region  using  200  sample  and  reference 
scans  at  4  cm'^  resolution  were  obtained  using  a  Fourier-transform  infrared 
spectrometer  from  Bio-Rad  (FTS  60A).  A  difference  spectra  was  generated  by 
subtracting  the  normalized  submerged  spectra  from  the  normalized  control  spectra^. 
Peak  shifting,  appearance,  or  disappearance  indicates  changes  on  the  molecular 
level^. 


Results  and  Discussion 

Samples  taken  out  of  the  gulf  water  were  covered  with  algae,  barnacles,  and  other 
unidentifiable  organic  matter.  To  prepare  the  samples  for  microscopic  work,  they 
were  rinsed  with  swiftly  running  tap  water  to  remove  the  algae  coating.  (Figure  1). 
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Optical  microscopy  showed  no  notable  surface  destruction  (50-1  OQx)  (Figures  2-4). 
For  spectroscopic  work,  the  barnacles  were  removed  with  a  nylon  brush. 

Initially,  ATR  spectra  were  attempted.  Since  the  quality  of  the  resultant  spectrur  t 
is  proportionate  to  the  contact  area  between  the  sample  and  the  prism,  composite 
warpage,  though  minimal,  gave  unsatisfactory  results.  Adequate  spectra  were 
obtained  by  using  an  adaptation  of  a  procedure  developed  by  Perkinsonl.  This 
includes  filing  the  composite  surfaces,  removing  any  graphite  or  glass  fibers  from 
the  filings,  mixing  them  with  spectrum  grade  KBr,  and  running  pellets  in 
transmission  mode  (Figure  5).  Peak  assignments  were  made  using  several 
sources^-^. 

To  test  the  sensitivity  of  the  technique  to  changes  on  a  molecular  level,  a 
TGDDM/DE>S  sample  was  subjected  to  chemical  degradation  by  submersion  in  a 
fuming  sulfuric  acid  (15%  SO3/H2SO4)  environment  for  24  hours.  Figure  8  shows 
the  resulting  spectra  before  and  after  imposed  degradation.  The  appearance  of  large 
peaks  at  1266  and  1233  cm'l  are  attributed  to  sulfonation  of  the  phenyl  rings  on  the 
epoxy  backbone.  Furthermore,  a  decrease  in  the  para  semi-stretch  region,  1516  and 
822  cm'^,  confirms  a  decrease  in  the  amount  of  para  substituted  rings  as  the 
sulfonation  takes  place.  The  1023  cm'^  peak  is  characteristic  of  a  symmetric  sulHte 
ion  stretch.  Lastly,  the  1596  cm*l  as5rmmetric  phenyl  stretch  is  enhanced  due  to  the 
increase  of  electronegativity  differences  between  die  substitutents  once  the  sulfite 
ions  are  added  to  the  ring.  Included  also  are  pictures  by  optical  microscopy  of  the 
surface  after  add  degradation  (Figure  6&7). 

Transmittance  spectra  were  run  on  the  control  and  submerged  composite  surfaces 
of  the  seven  different  systems  (Figures  9-15).  Systems  1  and  7  show  an  epoxy  peak  at 
890-906  cm*l  in  the  submerged  but  not  control  samples  (Figures  9  &  15).  This  could 
be  attributed  to  either  epoxy  ring  formation  or  incomplete  cure.  Since  the 
submerged  and  control  composites  are  the  same  resin  systems,  but  not  necessarily 
from  the  same  plaque,  curing  variations  will  be  present  and  are  the  most  probable 
cause  of  the  906  cm’l  peak.  More  over,  the  ring  strain  in  the  epoxy  moiety  makes  it 
energetically  more  favorable  to  break  than  form  a  ring,  making  production  by 
biofouling  highly  unlikely.  With  complete  overlap  of  the  neighboring  peaks  in 
System  1,  there  is  a  noticeable  reduction  in  the  intensity  of  the  asymmetric  phenyl 
stretching  peak  (1603  cm'l).  As  a  molecule  loses  its  dipole  moment,  it  becomes  less 
sensitive  to  infrared  measurement.  Should  there  be  a  decrease  in  hydrogen  bonding 
to  the  adjacent  sulfone  or  amine  groups,  the  dipole  should  also  decrease, 
minimizing  the  intensity  of  the  asymmetric  stretching.  The  1628  cm'l  band 
represents  the  bending  mode  of  water.  Its  decrease  indicates  less  residual  water  in 
the  submerged  sample  than  the  control.  This  alludes  to  a  point  discussed  by 
Southwell  et  al.  in  their  studies  of  biofouling  effects  of  carbon  steel  specimenslO. 
They  suggested  that  marine  fouling  can  have  protective  effects  against  corrosion, 
providing  a  coating  against  ions  in  the  ocean  water.  Thus,  the  thick  biofouling  layer 
of  the  submerged  specimen  could  have  prevented  intercalation  of  water  into  the 
composite. 

Most  of  the  fingerprint  region  in  System  2  displays  an  increase  after  gulf  water 
submersion  (Figure  10)  This  is  also  the  case  for  System  6  (Figure  14).  On  the  other 
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hand.  Systems  4,  5  and  7  displays  frequency  shifting  due  to  influences  on  the  ester 
linkages  (Figures  12,  13,  &  15).  The  shift  of  the  1390  cm'^  OCH2  wagging  peak  in 
System  4  is  sensitive  to  dipolar  interactions  and  dependent  on  conformation.  The 
shift  to  higher  wavenumber  alludes  to  lower  energy  conformation  at  the  ester 
linkage  within  the  submerged  sample.  Systems  5  and  7  both  show  signiHcant 
change  in  the  1417  cm*'  region.  This  could  be  a  result  of  deformation  to  the  ester- 
methylene  linkages  of  the  vinylester  backbone. 

Ibe  difference  spectra  of  System  3  shows  submersion  only  effects  the  1428  cm*' 
peak  attributed  to  CH2  deformations  (Figure  11).  This  is  not  surprising  as  the 
fluorene  based  epoxy  is  hydrophobic,  inhibiting  water  plasticization  and  exhibits 
greater  bond  strength. 


Conclusions 

The  effects  of  biofouling  on  the  polymer  composite  samples  over  a  period  of  six 
months  as  seen  by  FTIR  is  relatively  minimal.  It  is  difficult  to  differentiate  between 
the  effects  of  non-reversible  plasticization  and  that  strictly  from  the  biofouling. 
However,  the  fluorene  based  resin  showed  the  least  amount  of  change  due  to  its 
hydrophobic  nature.  Work  by  Connolly"  and  Fried' 2  has  also  shown  that  many 
polymers  can  withstand  exposure  to  marine  environments  for  periods  up  to 
thirteen  years  with  minimal  surface  effects  or  loss  of  mechanical  properties.  The 
few  differences  seen  between  control  and  submerged  samples  is  more  likely  from 
processing  differences  and  irreversible  plasticization  than  from  the  biofouling. 
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Figure  3.  TGDDM/DDS  Composite  viewed  through  Figure  4,  TGDDM/DDS  Composite  control.  50x. 

chipped  away  baranacle.  lOOx 


Figure  7,  TDGGM/DDS  Composite  after  imposed 
degradation  by  fuming  sulfuric  acid.  lOOx. 
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Figure  1 0.  Absorbance  and  Difference  spectra  for  System  2.  Figure  1 1 .  Absorbance  and  Difference  spectra  tor  System  3. 
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Figure  14.  Absorbance  and  Difference  spectra  of  System  6.  Fiugre  15.  Absorbance  and  Difference  spectra  for  System  7. 
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Abstract 

Alloying  elements  are  added  to  metals  to  improve  workability,  electrical  prr^rties  and  corrosion 
resistance.  Alloying  elements  also  alter  the  formation,  chemical  composition,  thickness  and  tmiacity 
of  corrosion  pr^ucts  and  may  increase  or  decrease  susceptibility  to  microbiologically  influenced 
corrosion  (MIC).  The  influence  of  alloying  elements  on  MIC  are  reviewed  for  stainless  steels,  copper, 
nickel,  aluminum  and  titanium  alloys. 

Key  terms:  microbiologically  influenced  corrosion,  alloys,  sulfate-reducing  bacteria,  corrosion  product 
mineralogy. 


Introduction 

Microbial  biofllms  develop  on  all  surfaces  in  contact  with  aqueous  environments.  Chemical  and 
electrochemical  characteristics  of  a  metal  substratum  influence  the  formation  rate  and  cell  distribution 
of  microfouling  films  in  seawater  during  the  first  hours  of  exposure.  Electrolyte  crmcentration,  pH, 
organic  and  inorganic  ions  also  affect  microbial  settlement.  Biofllms  produce  an  enviromnent  at  the 
biofllm/metal  interface  that  is  radically  different  from  that  of  the  bulk  medium  in  terms  of  pH,  dissolved 
oxygen,  and  inorganic  and  organic  species.^  Reactions  within  biofllms  can  control  corrosion  rates  and 
mechanisms.  The  term  microbiologically  influenced  corrosion  (MIC)  is  used  to  designate  corrosion 
resulting  from  the  presence  and  activities  of  microorganisms  within  biofllms.  The  reactions  are  usually 
localized  and  can  include:  1)  sulfide  production,  2)  acid  production,  3)  ammonia  production,  4)  metal 
deposition,  as  well  as  S)  metal  oxidation  and  reduction. 

Commercially  pure  metals  may  contain  a  variety  of  impurities  and  imperfections  which  influence  all 
types  of  corrosion.  In  general,  as  purity  increases,  the  tendency  for  a  metal  to  corrode  reduces  propor¬ 
tionately.^  However,  high  purity  metals  frequently  have  low  mechanical  strength,  leading  to  the  use  of 
alloying  elements  to  improve  mechanical,  physical  and  fabrication  characteristics.  Nearly  all  metals  and 
alloys  exhibit  a  crystalline  structure.^  If  an  alloying  elen;ent  is  added  to  a  base  metal,  the  crystal 
structure  may  remain  essentially  stable  and  produce  a  solid  solution  or  single  phase.  Two  or  more  phase 
structures  can  result  with  some  alloy  combinations.  More  than  one  phase  in  an  alloy  usually  produces 
poorer  corrosion  resistance. 


Copper  and  Nickel  Alloys 

Copper  alloys  are  frequently  used  for  seawater  piping  systems  and  heat  exchangers  due  to  their  good 
corrosion  resistance  combined  with  mechanical  workability,  excellent  electrical  and  thermal  conductivity. 
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ease  of  soldering  and  toizing,  and  resistance  to  macrofouling.  In  oxygenated  seawater  a  film  of  cuprous 
oxide,  cuprite  (CU2O),  ftmns  on  copper  alloys.  Copper  ions  and  electrons  pass  through  the  film.  Copper 
ions  dissolve  and  fuecipitate  as  Cu2(OH)3Cl,  independent  of  alloy  chemistry.  Alloying  nickel  and  sn^ 
anaounts  of  iron  into  copper  results  in  a  single  phase  structure  and  increases  resistance  to  turbulence 
induced  corrosion.  CDA  706  (88.5%  Cu.  10%  Ni,  1.5%  Fe)  has  been  shown  to  be  the  most  corrosion 
resistant  c(^)per  alloy  for  seawater  service.^ 

C(qq)er  alloys  are  vulnerable  to  biocorrosion.  Differential  aeration,  selective  leaching,  underdeposit 
conouon  and  cathodic  depolarization  have  been  reported  as  mechanisms  fcxr  MIC  of  C(^per  alloys. 
Pope  et  al.^  pr(^)Osed  that  the  following  microbial  products  accelerate  localized  attack:  C02>  H2S,  NH3, 
organic  and  inorganic  acids,  metabolites  that  act  as  depolarizers,  and  sulfur  compounds  such  as 
mercaptans,  sulfides  and  disulfides. 

In  the  presence  of  sulfides,  copper  alloys  form  a  porous  layer  of  cuprous  sulfide  with  the  general 
stoichiometry  Cu2-xS,  0<x<l.  Copper  ions  migrate  through  the  layer,  react  with  nu)ie  sulfide,  and 
produce  a  thick  black  scale.  McNeil  and  Odom^  described  a  model  that  predicts  sulfide-induced 
corrosion  in  the  presence  of  SRB.  Corrosion  is  initiated  by  sulfide-rich  reducing  conditions  in  the 
biofilm  where  the  oxide  layer  is  destabilized  and  acts  as  a  source  of  metal-containing  ions.  The  authors 
concluded  that  if  any  reaction  of  metal  oxide  with  sulficte  has  a  high  negative  standard  free  energy  of 
reaction,  SRB-related  MIC  will  occur.  If  the  reaction  has  a  high  positive  standard  free  energy 
of  reaction,  this  form  of  corrosion  will  not  occur.  Negative  standard  free  energies  of  reactions  were  used 
to  predict  SRB-MIC  for  copper  alloys.  Analysis  of  sulfide  corrosion  products  recovered  from  corroding 
copper  alloys  confirmed  the  prediction.  Specific  copper  sulfides  have  been  suggested  as  fingerprints 
for  SRB  sulfide  production.  Chalcocite  (CU2S)  and  covellite  (CuSuO  are  frequently  identified  in 
copper  corrosion  products  associated  with  SRB.^  Djurleite  (CU31S16)  formation  has  been  reported 
for  c(^per/nickel  alloys. 

It  has  been  argued  that  if  the  copper  sulfide  layer  were  djurleite,  the  sulfide  layer  would  be  protective. 
Even  if  such  a  sulfide  film  were  technically  passivating,  the  film’s  mechanical  stability  is  so  poor  that 
sulfide  films  are  useless  for  corrosion  protection.  McNeil  et  al.^  reported  that  sulfide  corrosion  products 
on  99  copper  were  consistently  non-adherent,  while  those  on  90/10  and  70/30  copper/nickel  were 
adherent  in  SRB  laboratory  cultures  and  in  natural  waters. 

Nickel  minerals  have  not  been  found  in  corrosion  products  on  90/10  or  70/30  copper/nickel  alloys.^ 
Selective  dealloying  of  zinc,  nickel  and  iron  from  copper  alloys  has  been  reported  by  several 
investigators.^*^  little  et  al.^  demonstrated  dealloying  of  nickel  from  a  90/10  copper/nickel  in  association 
with  SRB.  Wagner  et  al.^  described  dealloying  of  nickel  in  70/30  copper/nickel  exposed  to  flowing 
natural  seawater. 

SRB  are  not  necessary  for  MIC  induced  pitting  of  copper  alloys.  While  the  role  of  the  biofilm  in  copper 
pitting  is  not  entirely  clear,  it  appears  that  the  presence  of  the  biofilm  contributes  to  corrosion  by 
maintaining  enhanced  local  chloricte  concentrations  and  differential  aeration  cells. Pope*’  documented 
MIC  of  90/10  copper/nickel,  admiralty  and  aluminum  brass,  and  welded  aluminum  bronze  at  electric 
generating  facilities  using  fresh  (v  tnrackish  cooling  waters.  Most  of  the  copperAiickel  tubes  had  underdeposit 
corrosion  due  to  formation  of  deposits  by  slime-forming  organisms  in  association  with  iron-  and 
manganese-depositing  bacteria.  Ammonia-producing  bacteria  were  isolated  from  scale  and  organic 
material  on  the  admiralty  brass  tubes  suffering  ammonia-induced  stress  corrosion  cracking.  Mansfeld 
and  Little  reported  that  5  copper  alloys  exposed  to  natural  seawater  were  colonized  by  bacteria  within 
3  weeks,  independent  of  alloy  composition.*^  Corrosion  rates  were  higher  in  natural  seawater  compared 
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widi  artificial  seawater  for  all  copper  alloys  exposed.  Intergranular  corrosion  and  denickelification  of 
70/30  copper/nidcel  was  observed  after  1  month. 

Nickel  alloys,  including  Monel  400  (66.5%  Ni.  31.5%  Cu,  1.25%  Fe),  are  used  extmisively  in  highly 
aerated  fast-moving  seawater  environments  as  evaporators,  heat  exchangn^  pomps  and  valves,  diffusers 
for  steam  nozzles  in  steam  ejectors  and  turbine  blades.  Uhlig  and  co-workers*^  calculated  that  a  critical 
nickel  concentration  of  35%  was  required  for  passivity.  Nickel  alloys  containing  less  than  this  amount 
behave  like  ct^^r.  The  formation  of  the  |m}tective  film  on  nickel  is  aided  by  the  presence  of  iron, 
aluminum  and  silicon.  In  high  velocity  seawater,  nickel  alloys  are  superior  to  predmninantly  c<^iper 
alloys  because  the  protective  surface  film  remains  intact  under  highly  turbulent  and  erosive  conditions. 

Monel  400  is  susceptible  to  pitting  and  crevice  corrosion  attack  where  chlorides  penetrate  the  passive 
film.  Sulfides  can  cause  either  a  nnodification  or  breakdown  of  the  oxide  layer.  Schumacher*^  repmled 
that  Monel  4(X)  was  susceptible  to  underdeposit  avrosion  and  oxygen  concentration  cells  formed  by 
bacteria.  Gouda  et  al.*^  demonstrated  pitting  of  Mrniel  4(X)  tubes  exposed  in  Arabian  Gulf  seawater 
where  pits  developed  under  deposits  of  SRB  and  nickel  was  selectively  dealloyed.  Little  et  al.^  reported 
selective  dealloying  in  Monel  4(X)  in  the  presence  of  SRB  from  an  estuarine  environment. 

Pope**  reported  a  case  study  from  nuclear  power  plants  in  which  severe  pitting  corrosion  associated 
with  dealloying  was  observed  under  discrete  deposits  on  Monel  heat  exchanger  tubes.  Deposits  formed 
by  iron-  and  manganese-depositing  bacteria  in  association  with  SRB  contained  large  amounts  of  iron 
and  copper,  significant  amounts  of  manganese  and  silicon,  and  reduced  amounts  of  nickel.  No  evidence 
for  MIC  in  nickel-chrpmium  (Inconel)  and  nickel-chromium-molybdenum  (Hastelloy)  has  been 
repotted.  Hastelloy  C  (54%  Ni,  15%  Cr,  16%  Mo,  4%  W,  5%  Fe)  shows  outstanding  resistance  to 
pitting  or  crevice  attack  in  seawater. 


Stainless  Steels 

The  corrosion  resistance  of  stainless  steels  (SS)  is  due  to  the  formation  of  a  thin  passive  chromium- 
iron  oxide  film  at  additions  of  chromium  in  amour*s  of  12%  or  more.  Metal-depositing  organisms, 
important  in  MIC  of  stainless  steels,  may  catalyze  are  oxidation  of  metals,  accumulate  abiotically 
oxidized  metal  precipitates,  or  derive  energy  by  oxidizing  metals.  Dense  deposits  of  cells  and  metal 
ions  create  oxygen  concentration  cells  that  effectively  exclude  oxygen  from  the  area  'mmediately  under 
the  deposit.  Underdeposit  corrosion  is  important  because  it  initiates  a  series  of  events  that  are,  individu¬ 
ally  or  collectively,  extremely  corrosive.*^  In  an  oxygenated  environment,  the  area  immediately  under 
the  deposit  becomes  a  relatively  small  anode  compared  to  the  large  surrounding  cathode.  Cathodic 
reduction  of  oxygen  may  result  in  an  increase  in  pH  of  the  solution  in  the  vicinity  of  the  metal.  The 
metal  will  form  metal  cations  at  anodic  sites.  If  the  metal  hydroxide  is  the  thermodynamically  stable 
phase  in  the  solution,  metal  ions  will  be  hydrolyzed  by  water  with  formation  of  H'*'  ions.  If  cathodic 
and  anodic  sites  are  separated  from  one  another,  the  pH  at  the  anode  will  decrease  and  at  the  cathode 
will  increase.  The  pH  within  anodic  pits  depends  on  specific  hydrolysis  reactions.*^  The  lowest  pH 
values  are  predicted  for  alloys  containing  chromium  and  molybdenum. 

One  of  the  most  common  forms  of  MIC  attack  in  austenitic  SS  is  pitting  at  or  adjacent  to  welds  at 
the  heat  affected  zone,  the  fusion  line  and  in  the  base  metal.  Borenstein*^  made  the  following  obser¬ 
vations  for  MIC  in  304L  (18%  Cr,  9%  Ni,  .03%  C,  bal.  Fe)  and  316L  (17%  Cr,  12%  Ni,  2.5%  Mo, 
.03%  C,  bal.  Fe)  weldrients:  both  austenite  and  delta  ferrite  phases  may  be  susceptible;  combinations 
of  filler  and  base  materials  have  failed,  including  matching,  higher  and  lower  alloyed  filler  combina¬ 
tions;  and  solution  annealing  and  pickling  may  produce  welds  that  are  less  susceptible.  A  lack  of 
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sensitization  in  austenitic  welds  did  not  ensufc  protection.  Additionally,  surface  conditions  commonly 
associated  with  ccMtosicm  resistance,  such  as  heiu  tint,  and  those  relatnl  to  residual  stresses,  including 
gouges  and  scratches,  may  increase  susceptibility.  Kearns  and  Bmenstein^  state  tiiat  welds  having 
filler  metal  compositions  matching  the  base  metal  have  lower  corrosion  resistance  than  fully  annealed 
base  metal  due  to  lack  of  homogeneity  and  the  microsegregation  of  chromium  and  molybdenum. 
Qiemically  depleted  regions  can  be  much  more  susceptible  to  localized  attack.  Stein^’  reported  that 
MIC  susceptibility  of  base  metal  related  to  weld  area  was  not  related  to  sensitization  but  to  the  micro¬ 
structure  produced  during  the  manufacturing  process.  Reaimealing  reduced  the  severity  of  the  pitting 
ccHTosion.  Videla  et  al.^  observed  that  sensitization  heat  treatments  with  related  carbide  precipitatirm 
lowered  pitting  crvrosion  resistance  of  304  and  41(^S  in  the  presence  of  SRB  and  aggressive  anions. 

Stainless  steels  containing  6%  or  more  molybdenum  were  once  thought  to  be  inunune  to  MIC  because 
molybdenum  increases  the  resistance  of  austenitic  SS  to  chloride  and  acid  solutions.  However,  Scott 
and  Davies^  documented  MIC  in  an  austenitic  904L  SS  (20%  Cr,  25%  Ni,  4.5%  Mo,  1.5%  Cu, 
0.02  max.  C,  bal.  Fe)  used  in  a  tube  and  shell  heat  exchanger  for  cooling  sulfuric  acid  in  brackish  and 
seawater  iq>plications.  The  failure  occurred  within  two  weeks  of  startup  and  was  accompanied  by  attack 
of  welds  and  crevice  corrosion.  Little  et  al.^  observed  deep  etching  of  SM0254  SS  (20%  Cr,  18%  Ni, 
6.5%  Mo,  0.75%  Cu,  0.2%  N,  bal.  Fe)  after  exposure  to  both  an  iron/sulfur-oxidizing  mesophilic 
bacterium  and  a  thermophilic  mixed  SRB  culture. 

Ermoblement  of  corrosion  potential  (Ecoit)  for  stainless  steels  during  exposure  to  natural  seawater  has 
been  repotted  by  several  investigators.  The  practical  importance  of  ennoblement  is  increased 
probability  of  localized  corrosion  as  Ecotr  approaches  the  pitting  potential  (Epii).  Thermodynamic  and 
kinetic  factors  have  been  discussed,  including  increase  of  the  partial  pressure  of  oxygen,  a  decrease  in 
interfacial  pH  and  organometallic  catalysis.  An  increase  of  the  partial  pressure  would  move  the  reversible 
potential  of  the  oxygen  electrode  in  the  noble  direction,  but  cannot  be  used  to  explain  large  shifts  in 
Econ-  A  local  decrease  in  pH  would  produce  the  same  effect.  Local  acidification  would  move  Ent 
in  the  negative  direction  to  potentials  significantly  below  the  reported  Econ  values.  Johnsen  and  Bardal^^ 
reported  that  Econ  approached  -50  mV  (vs  saturated  calomel  electrode  (SCE))  after  28  days  for  SS  that 
contained  1-3  w/o  molybdenum.  In  contrast,  SS  containing  6  w/o  molybdenum  reached  values  of 
+50-150  mV  vs.  SCE  in  the  same  time  period.  Early  reports  suggested  that  molybdenum  was  not  found 
in  the  passive  layer  for  alloys  containing  up  to  5.2%  molybdenum.^*  Recently,  Olefjord  and  Wegrelius^ 
studied  the  influence  of  molybdenum  and  nitrogen  on  the  corrosion  behavior  of  high  alloyed  SS 
containing  6%  molybdenum.  Passive  layers  contained  8-14%  molybdenum.  Since  ennoblement  is  more 
fwonounced  for  high  molybdenum  SS,  molybdenum  may  play  a  role  in  the  acceleration  of  the  cathodic 
reaction  leading  to  ermoblement  of  Ecoit. 


Aluminum  and  Aluminum  Alloys 

The  corrosion  resistance  of  aluminum  and  its  alloys  is  due  to  an  aluminum  oxide  passive  filnL  Anod¬ 
izing  fvoduces  th'cker  insulating  Aims  and  better  corrosion  resistance.  The  natural  film  on  aluminum 
alloys  can  be  atUx^Ked  locally  by  halide  ions.  The  susceptibility  of  aluminum  and  its  alloys  to  localized 
corrosion  makes  it  particularly  vulnerable  to  MIC.  Most  reports  of  MIC  are  for  aluminum  (99%),  2024 
and  7075  alloys  used  in  aircraft  or  in  underground  fuel  storage  tanks.^  Localized  corrosion  attributed 
to  MIC  occurs  in  the  water  i^ase  of  fuel-water  mixtures  in  the  bottom  of  tanks  and  at  the  fuel-water 
interface.  Contaminants  in  fuel  include  surfactants,  water,  and  water  soluble  salts  that  encourage  growth 
of  bacteria.  Two  mechanisms  for  MIC  of  aluminum  alloys  have  been  documented:  fnoduction  of  water 
soluble  organic  acids  by  bacteria  and  fungi,  and  formation  of  differential  aeration  cells. 
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Titanium  and  Titanium  Alloys 

There  are  no  case  histories  of  MIC  for  titanium  and  its  alloys.  S^utz^*  reviewed  mechanisms  for  MIC 
and  titanium’s  corrosion  behavior  under  a  broad  range  of  conditions.  He  concluded  that  at  temperahues 
below  100*C  titanium  is  not  vulnerable  to  iron/sulfur-oxidizing  bacteria,  SRB,  acid-producing  bacteria, 
differential  aeration  cells,  chloride  concentration  cells  and  hydrogen  embrittlement.  In  laboratory 
studies.  Little  et  al.^  did  not  observe  any  corrosion  of  Grade  2  titanium  in  the  fuiesence  of  SRB  or  iron/ 
sulfur  oxidizing  bacteria  at  mesophilic  (23*X^  or  thermof^lic  (7(yX^)  temperatures.  Using  the  model 
of  McNeil  and  Odom^  one  would  predict  that  titanium  would  be  inomune  to  SRB  induced  corrosion. 
There  are  no  standard  free  energy  reaction  data  for  the  formatioo  of  a  titanium  sulfide.  If  one  assumes 
a  hypothetical  sulfide  product  to  be  titanium  sulfide,  the  standard  enthalpy  of  reaction  is  4-587  kJ.  While 
standbud  fiee  energies  of  reaction  are  not  identical  to  standard  enthalpies  of  reactimi.  it  is  still  unlikely 
that  titanium  will  be  derivadzed  to  the  sulfide  under  standard  conditions  of  temperature  and  pressure. 

Conclusions 

MIC  is  localized  corrosion  documented  in  failures  of  engineering  materials.  Alloying  elements  affect 
susceptibility  to  MIC  by  providing  a  corrosion-resistant  single  phase  and  by  affecting  reaction  kinetics. 
However,  in  practical  cases,  the  primary  effect  of  alloying  elements  is  to  stabilize  a  protective  film 
either  mechanically  or  chemically.  Additions  of  nickel  and  iron  improve  the  mechanic^  properties  of 
copper  alloys  but  may  increase  susceptibility  to  MIC.  Molybdenum  found  in  the  passive  layer  on 
stainless  steel  alloys  may  influence  ennoblement  of  Ecotr- 
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Abstract 

The  effect  of  cathodic  protection  on  the  early  stages  of  bacterial  biofilm  formation  on  stainless 
steel  was  studied  at  different  temperatures.  The  influence  of  the  applied  potential  on  pure 
Vibrio  alginolyticus  and  mixed  SRB  (Desulfovibrio  vulgaris  and  Desulfovibrio  desuljuricans) 
biofilms  was  assessed  using  saline  media^  in  laboratory  experiments  under  controlled 
conditions.  Interactions  between  cathodic  protection  and  bacterial  settlement  and  growth, 
calcareous  deposits,  and  current  densities  were  successively  analyzed.  For  aerobic  l^teria, 
cathodic  protection  difflculted  adhesion  to  the  metal  surface  only  at  the  early  stages  of  biofilm 
formation.  Higher  current  densities  are  generally  required  in  the  presence  of  biofilms. 

Key  terms:  cathodic  protection,  biofilm,  seawater,  calcareous  deposits. 

Introduction 

Cathodic  protection  (CP)  is  particularly  attractive  in  marine  environments  or  certain  kinds  of 
soils  where  the  medium  conductivity  is  high  enough  to  obtain  a  uniform  current  distribution 
over  the  metal  surface  to  be  protected.  It  has  b^n  described as  an  effective  method  of 
protecting  stainless  steel  (SS)  structures  immersed  in  seawater  against  crevice  corrosion. 

CP  is  generally  accomplished  by  impressing  an  external  current  to  the  metal,  opposing  the 
naturally  occurring  corrosion  current.  Thus,  the  cost  of  this  protective  method  will  mainly 
depend  on  the  amount  of  the  current  to  be  applied  to  the  metallic  structure  to  be  protected^.^. 

CP  alters  the  ionic  concentration  at  the  interface  increasing  hydroxyl  ions  concentration.  The 
consequent  pH  increase  diminishes  the  solubility  of  calcium  and  magnesium  at  the  interface 
favoring  the  precipitation  of  a  calcareous  scaled. 

The  current  required  to  polarize  the  structure  depends  on  the  electrochemical  properties  of  the 
metal  to  be  protected  and  the  type  of  film  form^  under  CP.  It  has  been  reported^  "^-*  that  the 
properties  of  this  film  in  natural  seawater  are  influenced  by  microbial  adhesion  processes. 
Moreover,  microbial  adsorption  depends  on  the  electrochemic^  characteristics  of  the  polarized 
interface^. 
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As  the  adhesion  of  aerobic  microorganisms  frequently  shifts  the  corrosion  potential  in  the 
anodic  direction^ the  amount  of  applied  current  required  to  polarize  the  structure  to  a  pre¬ 
selected  potential  could  also  depend  on  the  amount  of  microbial  settlement.  CP  seems  to  be 
effective  for  controlling  the  growth  of  aerc^ic  bacteria  in  carbon  structures  immersed  in 
seawater  whereas  it  could  favour  the  growth  of  sulfate  reducing  bacteria  (SRB)^^ 

The  goal  of  this  paper  is  to  assess  the  interrelationships  between  CP  on  SS  samples  and  pure 
aerobic  and  mixed  anaerobic  bacterial  settlement  and  reproduction  and  calcareous  deposits 
structure.  The  influence  of  seawater  temperature  on  these  interactions  will  also  be  studied 
under  laboratory  well  controlled  conditions. 

Experimental 

A.  Microorganisms 

Pure  Vibrio  alginolyticus  (V.  alginolyticus)  and  mixed  SRB  Desulfovibrio  vulgaris  (D. 
vulgaris)  and  Desulfovibrio  desuljuricans  (D.  desulfuricans)  were  used  in  the  experiments.  V. 
alginolyticus  was  isolated  from  polluted  harbor  seawater  and  was  maintained  in  nutrient  agar 
with  the  addition  of  3  %  NaCl.  Experiments  were  made  using  synthetic  seawater  supplemented 
with  1  g/1  of  yeast  extract.  Cell  number  in  the  culture  media  were  initially  c.a.  10^  cells/ml. 

D.  vulgaris  and  D.  desulfuricans  were  maintained  in  a  medium  containing  35%  of  synthetic 
seawater  with  1  g/1  of  yeast  extract,  0.2  g/1  sodium  lactate,  0.005  g/1  Na,HP04,  0-05  g/1 
NH4CI,  0.001  g/1  Na2S03.  This  medium  was  also  used  as  culture  medfum  in  the  sfe 
experiments.  In  this  case,  after  SRB  inoculation,  10  %  of  the  medium  was  removed  and 
replaced  by  fresh  medium  every  24  h. 

The  initial  pH  of  all  the  solutions  was  adjusted  to  7.5  by  adding  0. 1  N  NaOH  solution. 

B.  Metal  samples 

Metal  specimens  were  AISIO)  304L  SS  (50  x  20  x  1  mm).  They  were  mechanically  polished 
with  different  grits  of  silicon  carbide  paper  (240,  400,  600)  and  later  with  alumina  paste 
(1  fjvn  grain  size).  After  polishing,  samples  were  cleaned  and  degreased  with  acetone,  and 
finally  rinsed  with  distilled  water  prior  to  their  exposure  to  the  bacterial  suspension. 

C.  Exposure  times 

Metal  specimens  were  exposed  to  SRB  cultures  for  7  or  15  days.  Shorter  immersion  times  (2, 
4,  18,  24  and  48  h)  were  used  in  the  case  of  V.  alginolyticus  experiments. 

D.  Cathodic  protection  conditions 

SS  samples  were  cathodically  polarized  to  -0.7  V  against  a  saturated  calomel  electrode  (SCE) 
using  a  potentiostat  and  a  platinum  counter  electrode. 

E.  SEM  observations 

After  exposure,  and  in  order  to  preserve  biological  material,  specimens  were  successively 
fixed  with  2%  glutaraldehyde  solution  in  synthetic  seawater,  wash^  with  distilled  water,  dried 
through  an  acetone  series  to  100%,  and  finally,  critical  point  dried.  To  assess  metal  attack, 
samples  were  polished  with  alumina  (1  /ym)  to  remove  biological  and  inorganic  deposits  from 
the  surface.  Later,  samples  were  clean^  and  degreased  with  acetone  and  finally  rinsed  with 
distilled  water.  SEM  observations  were  made  using  a  JEOL<-)  JSM-T  100  microscope. 


0)  American  Iron  and  Steel  Institute,  Washington,  DC. 

JLOL  LTD,  1418  Nakagami  Arishima,  Tokyo  196,  Japan. 
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F.  Cell  enumeration  methods 

1.  "In  situ"  enumeration.  It  was  made  through  a  direct  cell  count  method  using 
epifluorescence  microscopy.  After  exposure,  the  samples  were  removed,  stained  with  0.01  % 
acridine  orange  for  S  minutes,  rinsed  in  sterile  synthetic  seawater  to  remove  loose  cells,  and 
examined  under  ultraviolet  light  with  an  epifluorescence  microscope  at  400X.  Cells  were 
counted  in  12  randomly  chosen  0.0464  cm^  fields  per  sample. 

2.  "Ex  situ"  enumeration.  For  viable  counts,  samples  were  washed  in  sterile  synthetic 
seawater  and  thereafter  scraped  with  a  scalpel.  The  resulting  suspension  was  transferred  into  a 
tube  containing  10  ml  of  sterile  seawater.  Enumeration  of  cells  was  made  by  a  standard  plating 
method  for  vi^le  counts.  Colonies  were  counted  after  48  h  of  incubation  at  28C. 

Results 

V.  alginolyticus  sessile  cell  counts  on  304  SS  specimens  after  2  and  4  h  of  immersion  at  12  C 
are  shown  in  figure  1 .  The  number  of  bacteria  attached  to  the  SS  surface  diminished  when  CP 
was  applied.  Sessile  cell  numbers  decreased  from  2.4  x  10*  cells/cm^  to  1.2  x  10^  for  a  2  h 
exposure  time.  A  longer  exposure  period  (4h)  did  not  result  in  an  increase  of  sessile  V. 
alginolyticus. 

Experiments  made  at  two  different  temperatures  (12  C  and  20  C)  for  SS  specimens  exposed  for 
18  h  to  a  V.  alginolyticus  culture,  are  compared  in  Table  1.  A  reduction  in  the  cell  numbers 
can  be  noticed  when  the  temperature  was  increased. 

CP  effect  on  a  2  h  old  V.  alginolyticus  biofilm  at  12  C  is  shown  in  Table  2.  To  analyze  the 
balance  between  desorption  +  detachment  vs.  reproduction,  biofilmed  specimens  were 
immersed  in  sterile  medium,  to  avoid  the  readsorption  of  cells.  For  unprotected  samples  the 
number  of  bacteria  slightly  increased  in  the  sterile  media  (desorption  +  detachment  are  slightly 
lower  than  reproduction).  Conversely,  an  important  decrease  in  the  number  of  attach^  cells 
with  respect  to  the  initiid  value  was  observed  when  CP  was  applied.  Thus,  it  can  be  inferred 
that  desorption  and  detachment  seemed  to  be  enhanced  and  reprr^uction  was  reduced  by  CP. 

Experiments  made  at  12  C  for  longer  exposures  (Fig,  2)  showed  that  the  number  of  cells 
attached  on  the  unprotected  samples  at  this  temperature  increased  to  reach  a  steady  value  (c.a. 
10*  cells/cm2)  after  24  h,  and  remained  nearly  constant  afterwards.  For  this  temperature  the 
number  of  attached  cells  is  markedly  lower  than  that  obtained  at  20  C  (see  Table  1).  When  the 
samples  were  cathodically  protected  immediately  after  the  immersion  in  the  culture  medium  a 
lower  number  of  attached  cells  with  respect  to  that  observed  without  protection  is  again 
observed.  Conversely,  when  the  metal  coupons  remained  48  h  immersed  but,  alternating  the 
first  24  h  unprotected  and  protected  for  the  next  24  h,  it  could  be  noticed  that  no  reduction  in 
the  number  of  cells  was  found  with  respect  to  the  unprotected  SS  samples  for  48  h.  It  is  likely 
that  when  a  steady  biofilm  is  obtained,  the  effect  of  cathodic  protection  is  not  so  relevant  as  in 
the  early  stages  of  biofilm  growth. 

Current  density  vs.  time  curves  for  SS  in  synthetic  seawater  (Fig.  3)  show  the  characteristic 
shoulder  shape  related  to  the  nature  of  the  calcareous  deposits  formed  under  these  experimental 
conditions.  It  can  also  be  noticed  a  different  shape  of  the  curve  and  a  non-well  defined 
transient  time,  when  bacteria  are  present  in  seawater.  SEM  observations  showed  that  pioneer 
bacteria  are  covered  by  calcareous  deposits  (Figs.  4  and  5).  When  cell  detachment  occurs, 
cavities  reproducing  bacterial  shapes  can  be  observed,  revealing  a  discontinuity  in  the 
calcareous  deposit  structure  (Fig.  6), 

Results  of  Fig.  3  show  that  after  the  immersion  in  the  inoculated  seawater,  current  decreases 
sharply  and  then,  when  the  biofilm  is  formed  it  began  to  increase  reaching  finally  a  steady 


state  value  which  duplicates  that  of  the  control.  Experiments  made  at  12  C,  i.e.,  when  the 
growth  of  biofilm  is  slow,  did  not  show  this  current  increase  in  the  same  period. 

Attachment  of  mixed  cultures  of  SRB  to  SS  specimens  was  analyzed  at  longer  exposure  periods 
than  V.  alginolyticus.  After  seven  days  of  immersion  a  high  number  of  cells  (lai'ger  than  10< 
cells/cm^)  was  found  on  the  SS  samples.  No  reduction  in  the  number  of  sessile  cells  was 
observed  when  CP  was  applied  for  periods  of  7  days  and  longer.  Lxicalized  attack  has  been 
found  on  samples  with  and  without  cathodic  protection.  Small  pits,  which  were  frequently 
covered  by  bacteria  were  observed  by  SEM  ^ig.7).  A  slight  current  density  increase 
recorded  aiter  two  days  of  immersion  for  the  protected  samples. 

After  IS  days  exposure  the  number  of  cells  markedly  increased  and  thick  biofilms  were 
covering  the  metal  surface  (Fig.  8).  Beneath  the  biofilm  and  on  the  metal  surface  an  inorganic 
film,  firmily  adhered  to  the  metal  and  small  pits  could  be  observed  when  the  biofilm  was 
removed  (Fig.  9). 


Discussion 

The  attachment  of  bacteria  to  an  unfouled  metal  surface  is  preceded  by  initial  processes  of 
transport  and  adsorption  of  organic  molecules.  These  processes  are  followed  by  the  growth  of 
attached  bacteria  which  results  in  an  increase  of  attached  cells  and  associated  materi^  and  the 
detachment  of  portions  of  the  biofilm.  Consequently,  the  accumulation  of  cells  in  the 
metal/solution  interface  is  the  result  of  the  balance  of  several  processes^^: 

dXc/tot  -  ra  c  -  rd  ^  tot  (Kg  -  K<j) 

dt  adsorption  desorption  growth  -  detachment 

ra  c:  adsorption  rate  for  cells 

rd  qI  desorption  rate  for  cells 

X^:  cell  concentration  at  the  substratum 

Kg',  probability  of  cell  growth 

K(]:  probability  of  cell  detachment 

t:  time 

Sorption  related  processes  are  considered  to  be  dominant  within  a  short  period  of  time.  For 
inst^ce,  in  the  case  of  Pseudomonas  aeruginosa  at  25  C  this  period  is  about  100  minutes  after 
the  immersion  of  the  unfouled  specimens.  Growth  related  processes  begin  to  contribute  to  the 
accumulation  in  later  stages.  Adsorption  influences  the  rate  of  the  induction  and  growth  phases 
but  does  not  influence  the  plateau  biofilm  accumulation^^. 

Present  results  obtained  with  V.  alginolyticus  show  that  a  relevant  decrease  in  the  cell  number 
due  to  the  application  of  CP  occurs  during  the  first  hours  after  immersion  (the  extent  of  the 
period  depends  on  temperature).  Considering  the  model  previously  mentioned*^,  adsorption 
processes  may  be  dominat  in  this  period.  Thus,  CP  should  affect  adsorption  processes, 
reducing  the  number  of  adsorbed  cells.  Induction  and  growth  periods  (but  not  the  steady  phase 
of  growth)  are  considered  to  be  dependent  on  the  number  of  attached  cells.  Thus,  the  effect  of 
CP  on  the  cell  growth  is  appreciable  for  those  periods  (see  Table  2).  Conversely,  CP  effects 
are  not  significant  in  the  biofilm  steady  state  (in  this  case  adsorption  process  is  not  relevant). 
Consequently,  it  could  be  inferred  that  CP  affects  adsorption  processes  that  influence  bacterial 
growth  until  steady  state  is  reached. 
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Although  the  number  of  SRB  attacted  bacteria  was  high  after  7  days  both  for  protected  and 
unprotected  samples,  biofllms  did  not  i^u:h  the  stationary  phase  after  this  period. 
Consequently,  adsoiption  processes  are  not  reduced  by  CP  in  the  case  of  SRB.  It  was  not 
found  an  increase  in  sessile  SRB  cells  when  CP  was  applied  as  it  has  been  previously 
reported*^.  However,  shorter  exposure  periods  must  be  assay^  in  the  future. 

SRB  metabolites  facilitate  metal  attack  (small  pits  were  observed  in  the  metal  surface,  Fig.  9). 
This  effect  could  not  be  eliminated  with  the  application  of  CP  levels  used  in  this  work. 

The  current  density  vs.  time  curve  for  SS  in  synthetic  seawater  shows  the  characteristic  shape 
related  to  the  formation  of  the  calcareous  deposits.  The  time  necess^  to  reach  a  steady  state, 
could  be  associated  with  the  kinetics  of  the  deposit  fomation  which  is  modified  in  the  presence 
of  organic  material  confirming  previous  results^7.  The  evolution  of  the  current  density  as  a 
function  of  time  (^ig.  3)  shows  a  similar  behavior  to  that  observed  with  natural  biofilms,  when 
low  current  densities  are  necessary  to  maintain  cathodic  protection Similar  depolarization 
effects  have  been  extensively  reportedi'‘^-‘®-*3  for  several  metals  immersed  in  seawater.  In  all 
cases  the  increase  in  current  density  occurred  when  the  biofilm  became  established^'^.  It  was 
suggested^  that  this  effect  could  be  attributed  to  an  enhancement  of  the  oxygen  reduction  by 
the  biofilm.  Edyvean  et  al.*^,  suggested  that  organic  material  slows  down  precipitation  process. 

Results  reported  in  this  paper  offer  evidence  on  the  interactions  between  bacterial  fouling, 
cathodic  protection  and  calcareous  deposits:  i)  Aerobic  bacterial  adsorption  is  reduced  by  the 
application  of  CP  while  anaerobic  bacterial  adsorption  did  not  seem  to  be  diminished;  ii) 
current  values  are  modified  by  depolarization  effects  due  to  the  aerobic  biofilm;  iii)  aerobic 
and  anaerobic  biofllms  alter  the  calcareous  deposits  structure;  iv)  current  values  are  decreased 
by  calcareous  film  formation. 


ConclusioiK 

-  CP  inhibits  aerobic  bacterial  adsorption  and  growth  at  the  early  stages  of  biofilm  formation. 

-  After  reaching  a  steady  biofilm  CP  effects  are  not  relevant. 

-  The  reduction  of  bacterial  adhesion  can  be  due  to  an  interference  of  CP  in  the  adsorption 
processes. 

-  At  low  temperatures,  when  growth  rate  is  low,  the  CP  effect  is  more  significant. 

-  For  low  current  values,  biofllms  can  modify  calcareous  deposits  structure. 

-  In  the  presence  of  aerobic  bacterial  biofllms  formed  at  20  C,  higher  current  densities  are 
needed  to  protect  SS  samples,  increasing  CP  costs. 
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TABLE  1 

Effect  of  Cathodic  Protection  on  V.  alginolyticus  settlement  on  304L  SS 
immersed  for  18  h  in  synthetic  seawater  at  different  temperatures 


Cell  numbers/cm2 

Protection 

12  C 

20  C 

Unprotected 

1.07  X  104 

1.4  X  108 

Protected 

7.30  X  102 

3.0  X  107 
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Protection 


CeUs/cm2 


2  h  without  CP 

1.9  X  102 

4  h  without  CP 

3.4  X  102 

2  h  without  CP  +  2  h 

without  CP  in  sterile  media 

2.1  X  102 

2  h  without  CP  +  2  h 

with  CP  in  sterile  media 

26.3 

Fig  1:  Log  (cell  number/cm^)  vs.  exposure 
time  plot.  AISI  304L  SS  specimens  were 
immersed  in  a  24  h  old  culture  of  V.  alginolyticus 
in  synthetic  seawater  ( p)  with  CP  (-0.7  V); 

(■)  without  CP.  Incubation  temperature:  12  C. 
(From  Ref.  14  with  permission  of  NACE). 


Fig  2;  Log  (cell  number/cm?)  vs.  exposure 
time  plot.  AISI  304L  SS  specimens  were 
immersed  in  seawater  inoculated  with  V. 
alginolyticus:  (^)  with  CP  (-0.7  V);  (■) 
without  CP;  (iiirj  )  24  h  without  CP  and  24  h 
with  CP.  Incubation  temperature:  12  C. 
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Fig  3:  Current  density  vs.  time  plot  of 
a  cathodically  protected  AISI  3(HL  SS 
immersed  in:  ( ■  )  sterile  synth^ic 
seawater  and  ( x )  synthetic  seawater 
inoculated  wiA  V.  dginolyticus. 

Incubation  temperature:  20  C. 

From  Ref.  14  with  permission  of  NACE) 


Fig  4:  SEM  microphotograph  of  a  cathodically 
protected  AISI  304L  SS  specimen  after  a  4  h 
exposure  to  a  24  h  old  culture  of  V.  alginolyticus 
in  synthetic  seawater.  Bacteria  are  covered 
by  ^careous  deposits.  Magnification  X  10,000  . 


Fig  5:  SEM  microphotograph  of  a 
cathodically  protected  AISI  304L  SS 
specimen  after  a  4  h  exposure  to  a 
24  h  old  culture  of  V.  dginolyticus 
in  synthetic  seawater.  Magnification 
X  10,000. 


Fig  6:  SEM  microphotograph  (topographical 
image);  experimental  conditions  as  in  Fig.  S. 
Cavities  reproducing  bacterial  shapes  can 
be  seen  at  the  right  side  of  the  picture. 
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Fig  7;  SEM  microphotograph  of  an  AISI 
304L  SS  specimen  (without  CP)  after  a 
7  days  exposure  to  a  mixed  SRB  culture. 
Localized  attack  beneath  bacterial  film 
can  be  seen.  Magnification  X  5,000. 


Fig  8:  SEM  microphotograph  of  a  cathodically 
protected  AISI  304L  SS  specimen  after  a 
IS  days  exposure  to  a  mixed  SRB  culture. 

The  verticd  arrows  indicate  the  biofilm  thickness. 
Magnification  X  3,500. 


Fig.  9:  SEM  microphotograph  (topographical 
image)  of  an  AISI  304L  SS  specimen  (without 
CP)  after  a  15  days  exposure  to  a  mixed  SRB 
culture.  The  biofilm  was  removed  and  a 
small  pit  can  be  seen.  Magnification  X  5,(X)0. 
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ABSTRACT 

Ennoblement  of  the  oorroeion  potential  on  paaaive  metab  due  to  the  actum  of  biofilina  b  a  widdy  recofniaed 
phenomenon.  The  preaenoe  of  peroxide  aa  a  by-product  of  bacterial  metaboKam  haa  been  verified  in  biofilma 
formed  in  two  widely  aeparated  geographical  locations.  Experiments  with  eniyniea  indicated  that  aomediaaolved 
oxygen  u  necessary  in  the  bulk  solution.  Abiotic  simulation  experiments  demonstrated,  however,  that  an  acid  pH 
at  the  metal-biofilm  interface  b  also  necessary  for  the  diserved  amount  of  ennoblement  on  phtinum  to  be 
achieved.  EDAX data  Aaw the  pUMwioe  nf iron  and  siilfiir  in  mahiiebinrilmson  pbtinum  Amulti- 
hyeredmodelbdeacribed.encompaaang  both  the  add  and  neutral  pH  scfaoob  of  thought  for  ennoblement.  The 
model  features  aerated,  near  neutral  pH  coiulitions  in  the  outermost  byer,  with  peroxide  being  produced  and 
regubted  by  the  re^iiiatory  enzyme  system  ofthe  aerobic  organisms.  The  model  requires  decreasing  oxygen  and 
pH  as  one  proceeds  into  the  biofilm,  becoming  fxndominantly  low  oxygen  (or  anaerobic)  and  add  pH  at  the 
metal-biofilm  interface.  It  b  suggested  that  the  mechanism  of  ennoblement  involves  a  synergistic  effect  of 
peroxide  aiul  add  pH  at  low  oxygen  within  near  the  metal  surface. 

Key  words:  Ermoblement,  peroxide,  pH,  dissolved  oxygen,  EDAX,  enzyme,  passive  metal,  interfadal  chemistry. 

INTRODUCTION 

Ennoblement  of  passive  metab  due  to  Uofilm  formation  b  wdl  documented  as  reviewed  by  Chandrasekaran  aikl 
Dexter'.  Even  though  thb  phenomenon  b  widely  recognized,  no  mechanism  has  been  agreed  upon  so  far.  Several 
workers^  have  suggested  a  decrease  in  pH  of  a  biofilm  as  a  major  contributor  to  ermoblement.  Chandrasekaran 
and  Dexter'  have  identified  and  measured  the  presence  of  low  milli-molar  levels  of  HjOj  in  marine  biofilms.  It 
was  argued  that  the  presence  of  HjOj  and  reduction  in  pH  contribute  syner;^tically  towards  shifting  the  open 
circuit  potentiab  (OCP)  in  the  positive  direction.  The  production  of  H^Oj  in  a  biofilm  was  rationalized  on  the 
basb  of  the  respiratory  enzyme  system  of  the  bacteria,  macrocyclicorgano  metallic  catalysis  and  electrochemistry' . 
Presence  of  peroxide  in  biofilms  was  specubted  by  Salvago  et  al*  as  a  reason  for  ermoblement.  The  fHesence  of 
add  producing  microbes  in  the  biofilm  was  also  reported'.  Recently  a  new  hypothesb  for  ermoblement 
mechanism  has  been  put  forth  by  Mollica’  and  Eashwar*,  in  which  the  biofibn  pH  b  considered  to  be  neutral  for 
ermoblement.  Mollica’  measured  the  OCP  of  stainless  steel  in  seawater  addified  down  to  pH  5.  Since  the  OCP 
did  not  rise  to  the  level  observed  for  biofilms,  he  ruled  out  the  possibility  of  addification  as  a  mechanism  for 
ermoblement.  MoUica^  hypothesized  that  ennoblement  is  due  to  depolarization  of  the  cathodic  oxygen  reaction 
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fay  bactcmOy  produced  aUalytkenzyineiiidth  a  maxiimimefrickncy  at  pH  oearS.  Ea^wai*  pointed  out  that 
faecteriaSy  produced  cmymei  an  active  only  at  near  neutral  pH,  and  he  hypotheeiaed  that  the  aderophona 
produced  by  hncterin  would  he  important  to  gnnnMemeni. 

In  the  praeent  work  the  contribution  of  H^Oj  towards  ennoblement  was  further  invertigated.  Two  sites  mn 
selectedfor  carrying  out  thccnnoblenaentmcchanisricstudies.  One  site  was  on  the  lower  Delawan  Bay,  at  CoQ^ 
of  Marine  Studies  (CMS)  Facilities  at  Lewes,  DE  and  the  other  one  was  a  tropical  environment  at  OCTshon 
Pfattfonn  and  Marine  Electrodiemistry  Center  on  the  Gulf  of  Mannar,  a  unit  of  Central  Electrodiemical  Researdi 
Institute  at  Tudoorin,  India  Platinum  coupons  were  exposed  for  marine  biofllm  devdopment,  and  for 
ennoblement  mechanistic  studies. 


EXPERIMENTAL  PROCEDURE 

Platinum  coupons  were  prepared  according  to  fabrication  procedures  described  previously'.  The  seawater 
characteristics  during  exposure  in  Delaware  Bay  were:  temperature  22  •  26*^.  pH  7.7  to  8. 1 ,  salinity  25  to  3 1  parts 
per  thousand,  oxygen  air  saturated  at  S  to  8  ppm  and  HjOj  below  the  detection  limit  of  the  peroxidase  enzyme 
atrip.  Biofilms  of  30  to  1 60pm  thickness  with  macrosoopically  complete  coverage^  have  typically  developed  in  this 
water.  These  films  are  usually  so  thick  that  it  is  impassible  to  count  all  the  microorganisms.  Epifluorescence 
microscopy  at  lOOOX  after  staining  with  DAPI  reveals  a  diverse  microflora  ranging  from  coccmdal  bacteria  to 
short  and  curved  rods  to  other  filamentous  forms.  The  concentrations  of  organisms  in  the  surface  layers  of  the 
fihnsvary  from  3  X 10^  to  2  X 10^  cells  cm**  of  coupon  surface.  The  numbers  are  significantly  higher  than  this  in 
those  areas  covered  by  microcolonks.  The  biofilms  grown  in  this  study  were  not  specifically  analyzed,  but  were 
assumed  to  be  similar  to  those  described  above.  The  water  diaiacteristics  at  Tuticorin  during  the  exposure  wetr. 
temperature  2S.6  to  27.4'’C,  dissolved  oxygen  6  {^xn,  salinity  33.2  to  33.9  parts  per  thousand  and  HjO,  bJow  the 
detection  limit  of  the  peroxidase  enzyme  strip.  Biofilms  formed  in  Tuticorin  waters  on  platinum  in  the  present 
studies  were  not  analyzed.  It  is  expected,  however,  that  tlwy  should  be  similar  to  those  already  diaracterized  from 
those  same  waters  by  Maruthamuthu,  et  al*.  They  found  that  the  ratio  of  heterotrophic  bacteria  to  thiosulfate 
oxidizing  bacteria  was  high  initially,  but  decreased  significantly  as  the  biofilm  matured.  They  also  reported  that 
low  Ixofilm  pH  was  a  significant  feature  of  microbial  fouling  in  Tuticorin  harbor  waters. 

The  open  circuit  potentials  of  these  coupons  were  measured  using  high  impedance  digital  voltmeter,  with  SCE 
for  reference.  At  Delaware,  electrochemical  experiments  were  conducted  using  an  IBM  computer  with  PARC 
342  software  controlled  273A  potentiostat  (EG  &  G,  Princeton  Applied  Research)  with  standard  accessories  and 
cellsetup.  This  set  up  was  used  for  E^  measurements  at  various  combinations  ofpH,H202  and  oxygen.  Cyclic 
voltammetry  was  carried  out  using  IBM  Instruments  Inc  EC  225  Voltammetric  Analyzer  with  Hewlett  Padtard 
Mosdey  Diviaon  X-Y  recorder.  Platinum  was  used  for  woridng  and  counter  electrodes,  and  SCE  for  rdeienoe. 
During  all  the  experiments,  the  seawater  dissolved  oxygen  and  pH  were  measured.  Measurement  of  dissolved 
oxygen  was  carried  out  uang  a  YSI  modd  57  oxygen  meter  and  the  pH  was  measured  using  Fisher  digital  pH 
meter.  H^O,  indicating  peroxidase  enzyme  strips  (E  Merck)  were  used  in  measuring  H^O,  in  a  Ixofilm.  The 
presence  of  HjO}  was  indicated  by  a  diange  m  color  of  the  strip,  and  the  concentration  range  of  HjO]  was 
indicated  by  the  intensity  of  the  color  developed. 

A  series  of  experiments  was  carried  out  to  decrease  the  peroxide  concentration  in  a  biofihn  vdiich  caused 
ennoblement  on  platinum,  and  to  record  the  effect  of  that  decrease  on  the  OCP  of  the  electrode.  In  order  to  do 
this,  beef  liver  catalase  (Sigma  Qwmical  Co.)  at  a  concentration  of  0.5  mg  ml*'  was  added  to  the  seawater 
surrounding  the  ennobled  electrode.  The  catalase  added  should  dismute  any  peroxide  it  came  in  contact  with. 
The  hope  was  that  through  a  combination  of  diffusion  of  1)  peroxide  out  of  the  biofilm  into  the  bulk  solution  and 
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2)  aualaae  into  the  biofilin.  the  peroxide  ooncentnuion  would  be  reduced  enoitgb  to  affect  its  contribution  to 
ennoblement  Similar  concentrations  of  both  active  and  deactivated  (contn^  catahse  a«re  added  The 
deactivated  catalase  control  was  achieved  by  exposure  to  sunlight  under  aerated  conditiooi^.  Seawater  with 
catalase  was  exposed  for  two  hours  to  artificial  sunB^t  produced  by  Phillips  cool-aduU  floresoent  lamps  at  an 
inadianoe  of  900  pEinsteins  m*'  sec*.  Enzyme  activity'*  was  measured  using  a  Bausdt  and  Lomb 
spectrophotometer  operating  at  a  wavekngdi  of 240  nM  and  connected  to  a  atrip  chart  recorder.  Acalibrated 
level  of  absorbance  was  first  estabhahed  for  30%  peroxide  with  7.5  pH.  IM  NaQ  and  O.IM  Na2HP04  buffer  in 
quartz  cuvettes.  When  active  enzyme  was  added,  that  absorbance  decreased  with  time,  while  additions  of 
deactivated  enzyme  did  not  <*a«ge  the  abaorbance. 

A  Philipitmvtgl  SOI  Scanning  with  Energy  diapewive  X  ny  analyMT  (EDAX)  model 

9 100  was  used  for  surface  analysis.  Biofihned  platinum  coupons  from  natural  seawater  exposure  were  ddiydrated 
by  pladng  in  a  vacuum  diamber  for  about  30  minutes  without  any  other  pretreatment  or  coating.  The  imaging 
capabiU ty  of  SEM  was  used  to  diooae  the  location  on  the  surface,  and  EDAX  was  used  to  identify  the  elements 
present  in  the  iMofllm  at  that  location. 

RESULTS 

OCP  values  and  HjOj  concentration  were  measured  for  biofllmed  platinum  at  the  Delaware  and  Tuticorin 
locations  in  natural  seawater.  Platinum  OCP  values  are  shown  in  Figure  1.  To  verify  the  presence  of  H2O2  in  a 
natural  biofikn,  H^Oj  indicating  enzyme  strips  were  used.  For  mature  biofihns  from  Delaware  Bay  seawater  a 
H^O]  concentration  range  of  1.3  to  6.6  mM  was  measured,  sdiereas  the  concentration  range  of  HjOj  was  1.3  to 
2.6  mM  during  the  initial  stages  of  biofilm  formation  at  Tuticorin. 

Cyclic  voltammetry  was  carried  out  on  biofilmed  platinum  coupona  The  diaracteristic  cyclic  voltammogtam  as 
shown  in  Figure  2  was  produced  with  a  scan  rate  of  50  mV/sec  over  the  potential  range  from  -400  to  -*^00  mV 
SCE.  In  all  the  scans  using  biofilmed  platinum  coupons  the  characteristic  oxidation  peak  at  about  0.35  V  SCE 
in  the  forward  scan  and  the  reduction  peak  at  -0.15  V  SCE  in  the  reverse  scan  were  observed  to  be  reproducible. 
Chandrasekaran  and  Dexter'  identified  the  peak  at  0.35  V  as  HjO,  oxidation  and  the  peak  at  -0. 15  V  as  oxygen 
reduction.  Abiotic  experiments  on  600  grit  polished  bare  platinum  electrodes  were  carried  out  to  simulate  the 
cyclic  voltammogram  of  a  biofihned  platinum.  Various  combinations  of  oxygen,  pH  and  HjOj  were  used  in  trial 
and  error  method.  Peroxide  additions  were  made  in  appropriate  volumes  to  one  liter  of  seawater,  and  the 
concentration  was  expressed  in  mM  units.  The  voltammogram  of  a  Ixofilmed  platinum  coupon  from  Figure  2 
was  not  fully  reproduced  until  the  seawater  was  deaerated  to  an  oxygen  concentration  below  0.6  ppm,  with  8.2  • 
9.8  mM  HjO,  added  at  pH  2.8  -  2.9  as  shovni  in  Figure  3.  An  independent  set  of  experiments  was  carried  out  to 
determine  the  CXI*  of  platinum  in  deaerated  seawater  (0.55  ±  0.5  ppm  at  various  combinations  of  pH  and 
HjOj.  The  results  are  shown  in  the  form  of  a  bar  graph  in  Figure  4.  Starting  at  condition  1  to  the  left  in  the 
diagram,  the  eXTis  shown  for  platinum  at  pH  8.3.  A  reduction  in  pH  to  S  (condition  2)  produced  a  jump  in  (X7 
to  over  300  mV.  Addition  of  8.2  mM  peroxide  at  pH  S  gave  no  further  increase  in  potential  (condition  3).  A 
further  decrease  in  pH  to  2.9  without  peroxide  addition  increased  the  potential  to  about  350  mV.  but  it  was  not 
until  a  combination  of  pH  2.9  and  8.2  mM  peroxide  was  tried  that  the  potential  of  over  400  mV  obsorved  on 
biofilmed  platinum  was  obtained  (condition  S). 

A  typical  catalase  enzyme  activity  measurement  using  spectrophotometer  is  shown  in  Figure  S.  The  decrease  in 
absorbance  over  time  after  adding  active  catalase  is  directly  related  to  dismutation  of  HjOj  by  the  active  enzyme. 
In  contrast,  no  decrease  in  absorbance  is  noted  upon  addition  of  inactivated  enzyme.  The  decay  in  CX^P  values 
of  ennobled  platinum  electrodes  exposed  to  active  and  inactive  forms  of  catalase  were  also  recorded.  Due  to 


dtanutatioo  of  H,p,  by  active  catahee,  OCP  vahici  were  expected  to  drop  more  n^iidly  upon  active  catahie 
expoiure  than  inactive  catalareexpoeure.  However,  the  rates  (rf*  decay  in  OCT  values  were  oomparabk  in  both 
exposures  (data  not  shown).  To  understand  more  about  this  anomaly,  studies  were  conducted  to  periodically 
measure  the  solution  diemistry  and  the  catalase  activity.  Hourly  measurements  ofcatalase  activity  diowed  that 
the  enzyme  remained  active  for  nearly  10  hours  in  seawater.  This  indicated  that  the  decay  in  OCP  for  first  10 
hours  after  addition  of  active  enzyme  could  be  taken  as  due  to  dismutation  of  H,Oy  A  doscr  look  at  the  inactive 
ensyme  experiment  revealed  that  the  enzyme  precipitated  out  rfsolutioo  and  formed  a  thin  continuous  film  on 
the  surface  of  the  sohition.  Acdveenqnnedidtheaamethingafter  the  first  10  hours.  Experiments  were  further 
enudncttut  iiainj  an  ennnhfatt  oniipnii  t-wpnartl  tn  artiwi  rataiaan  j-nrym*!  Periodic  measurements  of 

OCP,  bulk  solution  pH  and  dissolved  oxypen  were  recorded.  The  data  are  shown  in  Hgure  6.  At  first  the 
potential  decreased  with  no  chanpe  in  dismived  oxygen.  As  the  10  hour  hmitapproadied,  however,  the  dimolved 
oxygen  fell  rapidly.  This  corresponded  to  the  acdvc-inactive  transitUMi  of  the  enzyme  and  the  formation  of  the 
surface  film.  Subsequent  immersion  of  catalase  treated  coupons  m  natural  seatvater  brought  the  OCP  bade  to 
their  original  ennobled  values,  after  a  period  of  time.  This  was  attributed  to  a  recovery  of  normal  biofifan 
diemistry. 

When  a  biofilm  was  formed  on  platinum  at  the  (3MS  location,  the  color  of  the  coup  on  dianged  from  nlvery  in 
appearance  to  golden  yellow,  to  reddish  to  brown  as  it  matured,  having  a  brown  black  and  mixed  appearance  after 
several  mmiths.  The  color  of  the  biofihn  on  platinum  provided  dues  fw  identifying  the  elements  present  m  the 
film.  Typical  EDAX  data  are  shown  in  Figures  7  and  8  ftn*  elements  present  in  a  relatively  younger  (one  wedc) 
and  mature  biofihns  (four  months)  respectivdy  developed  on  platinum  from  natural  seawater.  Manganese,  iron 
and  sulfur  werefound  in  mature  hiofihnvdiereas  these  elements  were  absent  in  the  younger  biofilms.  Thepresenoe 
of  Mn,  Fe,  and  S  in  mature  biofilms  was  used  in  identifying  the  dues  to  the  diemistry  of  the  biofihn  and  the 
bacterial  metaboliam  The  other  elements  m  these  EDAX  diagrams  were  not  considered  significant  as  they  were 
present  other  in  seawater  or  in  the  platinum  substratum. 

DISCUSSION 

iMgure  1  showed  the  OCP  values  for  platinum  in  Tuticorin  waters  to  be  considerably  lower  than  those  in 
Delaware.  The  reasons  aren’t  very  dear.  Since  theduration  of  exposure  wasonlyTOdaysat  Tuticorin  thebiofilms 
probably  weren’t  mature  enough  to  give  a  irunimimi  ormcentration  of  HjOj,  and  therdiy  a  higher  OCP  value. 
Probably  the  microbial  population  itself  is  widely  difieient  between  these  two  locations  contributing  to  this  low 
amount  d'ennoblenient.  However,  identification  ofmeasurable  quantities  of  HjO]  at  both  locations  isconsidered 
to  be  significant. 

Results  frmn  the  abiotic  simulation  experiments  shown  in  Figure  4  verify  the  synergistic  eflects  of  pH  and  HjO, 
in  creating  the  ennoblement  (dienomenon.  The  levd  of  ennoblement  and  the  positions  of  the  (xedominant  cyclic 
voltammetry  peaks  found  in  the  presence  of  natural  biofilms  were  reproduced  only  vriien  the  (X’opercomtanation 
of  pH,  HjO,  and  low  oxygen  were  establiahed  in  bulk  seawater.  Under  natural  biofilm  conditions,  however,  only 
the  diemistry  immediately  adjacent  to  the  metal  surface  needs  to  be  at  the  specified  combination  of  pH,  HjO,  and 
oxygen. 

Figure  6  showed  a  rai^  decrease  in  dissolved  oxygen  of  the  solution  roughly  coinciding  with  the  active-inactive 
transition  of  the  enzyme  and  formation  of  the  surface  film.  It  is  thou^t  that  elimination  of  oxygen  from  the 
solution  was  brought  about  by  a  combination  of  bloddng  dissolution  of  oxygen  from  the  atmosphere  by  the 
inactive  enzyme  film  and  scavenging  of  oxygen  from  solution  by  the  biofilm.  Tlw  loss  of  dissolved  oxygen  as  well 
as  peroxide  contributed  to  the  ra(^  decay  of  OCP  values.  This  leads  to  the  important  conclusion  that  at  least 
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■ome  dinolved  oxygen  in  the  bulk  leawater  a  neoeamiy  for  ennohkmmt  Omoe  osypn  k  dbniaated  fiom  te 
lytteni,  the  lopinuory  qratcm  of  the  aerobic  offankoe  wiO  ako  oeaae  from  producmg  pcroaride,  and  the 
eyoefgktic  effects  of  peroxide  and  pH  win  be  loit 

The  EDAX  data  in  Figures  7  and  8  diowod  the  chanmls  present  in  young  and  mature  biofihns  on  platkiom  AB 
the  elements  except  the  rektively  kiye  quantities  of  manganese,  iron  and  sulfur  can  be  accounted  for  by  dieir 

presence  in  seawater  or  in  the  substratum  Ti.*  of  iwn|pnM»  inw.  anH  nlfiir  IwiiHtplaiiiarf  partly 

due  to  microbial  metabolism  and  part^  due  to  favorabk  chemistry  for  precipitation.  The  EDAX  data  provide 
information  neither  on  the  oxidation  state  of  these  elements  nor  on  the  stoichiometry  of  the  compounds,  so  it  k 
possibk  that  both  oxidized  and  reduced  forms  of  these  elements  could  be  present  depending  on  the  chemistry 
involved.  The  color  dianges  in  the  biofilm  from  yellow  to  red  to  brown  and  bkck  are  generally  consistent  widi 
the  EDAX  data.  Yellow  night  correspond  to  a  predominance  of  sulfur  compounds"''^  (perhaps  pyrite  or 
inarcaaite).adiik  the  reds  and  browns  could  correspond  to  iron  and  manganese*****  compounds  such  as  Mmonite, 
goethite,  hematite  or  pyrohisite. 

Since  the  pH  of  the  biofilm  k  proposed  to  be  either  acidic  or  neutral  according  to  the  different  theories  of 
ennoblement,  let  us  next  consider  two  different  pH  ranges  and  the  general  reactions  that  are  possiUe  in  each.  Fuet 
assume  the  pH  of  the  entire  biofilm  to  be  acidic.  Ferrous  and  manganous  ions  would  be  dominant  in  the 
anaerobic  kyers  of  the  biofilm**'**.  In  the  aerobic  kyer,  however,  due  to  presence  of  oxygen,  ferrous  and 
manganous  ions  would  be  oxidized  to  ferric  and  manganic'  But  at  acidic  pH  iron  and  manganese  have  a  hi^ 
solubility**'**'**.  Thk  would  make  accumulation  of  iron  and  manganese  by  precipitation  in  the  biofihn  unlikely, 
in  contrast  to  the  EDAX  observation.  Acidic  pH  would  ako  not  support  the  presence  of  active  respiratory 
enzymes  b  a  biofihn^**.  Even  though  an  add  pH  would  seem  to  be  important  to  ennoblement,  it  k  inconsistent 
with  an  active  respiratory  enzynae  system  and  with  the  EDAX  data.  Hence  we  believe,  that  the  entire  biofihn 
cannot  be  acidic. 

Next  assume  the  pH  of  the  entire  biofilm  to  be  neutral  Thk  condition  would  support  an  active  enzyme  system 
b  controlling  the  peroxide  concentration  b  the  aerobic  kyers  of  the  biofihn.  Thk  would  ako  mpport  the 

pnBdptafion  of  iron  amt  mangaiv»«»  in  a  Kinfilm,  hwraiw  imn  atiH  mangniM-ag  am  pragtifally  inanliiKIc  nwitral 

pH  (10'**  M  at  pH  7)**'**'".  However,  we  were  unabk  to  simukte  a  fully  ennobled  electrode  or  the  proper  peaks 
bthecydicvoltammogramat  neutral  pH*.  Hence  the  neutral  pH  modd  ako  faik  to  expkb  all  the  observations. 

Since  neither  the  acidic  nor  neutral  pH  modd  alone,  can  expkb  all  the  observations,  we  propose  a  combination 
of  these  addb  and  neutral  conditiiMub  explaining  the  ennoblement  The  most  realistic  modd  would  seem  to 
bvolve  a  multi-kyeted  biofilm,  b  whidi  aerobic,  nucroaerobc,  and  anaerobic  kyers  would  work  together  b 
creating  a  favorabfc  chemistry  for  ennoblement.  The  dtemistry  b  the  outer  portions  of  the  bofifan  k  expected 
to  be  close  to  that  of  normal  bulk  seawater.  Oxygen  would  be  consumed  b  these  outer  kyers,  allowing  iron  and 
manganese  reducers  to  proliferate  b  the  microaerobc  or  anaerobic  regions  of  the  film.  HjOj  produced  b  the 
aerobic  portion  of  the  film  during  respiration  would  diffuse  bto  the  bofilm  toward  the  metal  substratum. 

It  k  well  known  that  manganese  and  iron  reducers  do  not  gab  as  much  energy  b  reducing  these  elements  as  they 
would  b  the  use  of  oxygen  as  an  electron  acceptor**'**.  Thk  means  that  these  microorganisms  must  use  kige 
quantities  of  iron  and  manganese  for  their  metabolism,  vriiidi  would  be  consistent  with  measurable  concentrations 
of  manganese  and  iron  b  a  mature  bofihn  as  shown  by  EDAX.  Starkey  and  Halvorson**  have  explained  iron 
reductimi  b  nature  as  an  indirect  microbial  [vooess  b  vriiich  the  microorganisms  decreased  the  pH  and  oxygen 
concentration  b  thdr  environment  creating  conditions  favorable  for  reduction  of  Fe(OH),.  Manganese  and  iron 
reduction  take  place  b  acidic  enviroiunents'*'**'*'^.  and  there  are  many  possible  reactions  in  a  biofilm  vbdi  can 
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lad  to  incwiiiim  aridity.  ThcK  include  the  productioiirfacid  due  to  hydrolyat  of  irwi  and  inamanMeojadca**' 
in  the  actobic  portion  ofthebiofilin.«widatio«iofrBduoedaaetabolicproduct»  either  by  peroiide  PC  by  Qayjen 
at  the  oxioonoxic  intetface**^.  oxidation  of  aulfkka  by  ferric  and  manganic*  and  production  of  aridity  due  to 
heavy  metal  adaorpdon  by  hydrous  manganeae  dioxide***.  Bacterial  metabohamitadfini^  contribute  to  the 
low  pH  by  aecrtting  varioua  acidic  metaboBtca*'****.  This  would  lead  to  an  acidic  microaerobic  layer  iriiere  iron 
and  manganeae  would  be  readily  available'*  for  microMipniams  as  dectroo  aocqitots.  The  aridiQr  produced 
within  the  biofihn  can  be  expected  to  spread  toward  both  the  tnrtaUhinfilni  and  btofihn-seawater  tnterfacea 
However,  the  buffering  capacity  of  seawater  should  keep  the  pH  in  the  outer  portions  of  the  biofilm  near  neutral, 
while  the  buffering  capacity  t  mudi  more  Mkdy  to  be  overcome  in  the  amaO  portion  of  fiquid  trapped  near  the 
metal  surface,  hading  to  a  low  pH  at  the  metal-biofilm  interface. 

Thus,  this  multi-layered  model  predicts  that  there  will  be  duup  gradients  of  oxygen,  pH  and  perhaps  peroxide 
through  the  biofihn  thidmeas.  Itwouldalaoallowforpdnttopointvariationsindiemiatryparalleltotheinetal- 
fihn  interface.  The  model  would  aooominodate  micro-niches  for  a  wide  variety  of  microorganisms,  fhnn  aerobes 
to  anaerobes  to  coexist  in  consortia,  all  contributing  to  eonoMement  by  working  together  to  diange  the  chemistry 
at  the  biofihn-substratum  interface.  The  model  aonommodates  both  the  arid  and  neutral  pH  adiools  of  thought 
It  requires  aerated,  neutral  pH  conditioiu  with  active  enzyme  systems  in  the  outer  layers  of  the  film,  with  low 
oxygen,  acidic  conditioiu  predominating  at  the  metal-film  interface. 

SUMMARY  AND  CONCLUSIONS 

The  developing  model  for  a  biofihn  capable  of  eimobiing  the  OCP  of  passive  metals  and  alloys  features  a  muhi- 
layeredstructurewithaerateiLnearneutralpHconditionsintheoutennostlayer.  Approadiing  the  metal  surface, 
the  model  requites  decreasiiig  oxygen  and  pH,  with  peroxide  playing  an  important  synergistic  role.  Theperoxide 
is  hypothesized  to  come  from  both  the  respiratory  enzyme  system  of  the  aerobic  organisms  in  the  biofihn  and  the 
electrodieinical  reduction  of  oxygen.  The  accumulation  of  Fe,  Mn  and  S  compounds  in  mature  biofihns  is 
consistent  with  this  structure,  and  there  may  also  be  a  synergistic  relationship  between  these  cmnpounds  and 
peroxide  in  estabhahing  the  low  pH  conditioiu  required  by  the  model  at  the  metal-film  interface.  Specific 
conclusioiu  from  this  work  are: 

1 .  H2O2  was  found  in  measurable  quantity  in  the  biofihns  at  both  locations,  where  ennoblement  studies  were 
conducted. 

2.  Under  our  conditions,  only  a  combination  of  low  oxygen  and  acidic  pH  with  milli-molar  concentrations 
of  peroxide  can  produce  the  observed  amount  of  ennoblement 

3.  Mature  Ixofihns  formed  in  lower  Delaware  Bay  waters  had  elevated  quantities  of  Mn,  Fe  and  S  compared 
to  young  films. 

4.  From  the  catalase  enzyme  experiment  it  can  be  inferred  that  the  presence  of  dissolved  oxygen  in  the  bulk 
solution  is  required  for  ennoblement 
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EXPOSURE  TIME  (DAYS) 

FIGURE  1.  Ennoblement  data  on  platinum  at  two  geographical  locations. 


FIGURE  2.  cyclic  voltammogram  of  a  biofilmed  platinum  electrode  in  natural 
seawater.  (Scan  rate  50  mV/sec) 
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FIGURE  3.  Cyclic  voltammogram  of  a  FIGURE  4.  OCP  of  platinum  in 
bare  platinum  electrode,  produced  using  deaemted  (0.55  ±  0.05  ppm  natural 
the  chemistry  thought  to  exist  in  a  biofilm  seawater  at  various  pH  and  peroxide  levels. 
(H  jOj  peak  at  close  to  0.35  V,  Oxygen  peak 
at  -0. 15  V,  Scan  rate  50  mV/sec). 


TIME  (Seconds) 

FIGURE  5.  Typical  spectrophotometer  data,  showing  change  in  absorbance  (or  peroxide 
concentration)  upon  addition  of  active  or  inactive  catalase  enzyme. 
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FIGURE  6.  Effect  over  time  of  adding  active  catalase  to  the  bulk  solution  on  A). 


OCP  of  ennobled  platinum  electrode,  B).  pH  of  the  bulk  solution  and  C).  dissolved 


oxygen  in  the  bulk  solution. 
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FIGURE  7.  EDAX  data  showing  elements  present  in  a  one  week  old  biofilm  on 
platinum. 
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ENERGY  (K*v) 

FIGURE  8.  EDAX  data  showing  elements  present  in  a  nearly  four  month  old 
biofilm  on  platinum. 
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Abstract 

Biofilms  from  Tuticorin  seawater  caused  appreciable  ennoblin9  of 
titanium  in  the  presence  of  moderate  illumination  that  allowed 
diatoms  to  ^row  in  association  with  bacteria.  In  the  dark  and 
with  hi^h  li9ht  levels,  ennobling  was  hindered.  Based  on  present 
results  and  other  literature  data,  it  is  hypothesised  that  pH's 
close  to  neutral  trigger  the  ennoblement  phenomenon.  Anodic 
polarization  data  show  that  ennobling  is  accompanied  by  a  decrease 
in  passive  current,  ip.  and  an  increase  in  the  critical  pitting 
potential,  Ecpp,  suggesting  that  passivity  enhancement  by 
microbially  produced  inhibitors  could  be  the  major  mechanism. 


Introduction 

Nvimerous  reports  have  been  made  over  the  years.  from 
geographically  distant  sea  locations,  that  biofilms  typically 
shift  the  corrosion  potential  of  stainless. _g  alloys  in  the  noble 
direction.  often  by  as  large  as  300  mV^  .  This  shift,  an 
ennoblement,  increases  (i)  the  ^susceptibility  to  corrosion  of 
anode  materials  in  galvanic  couples^  and  (ii)  the  current  density 
required  to  maintain  stainless  alloys  cathodic. 

While  there  is  controversy  ^  ^pover  the  major  mechanism  of  ennobl¬ 
ement  on  the  one  hand^'  .  observations  by  some  workers 
that  is  small  or  none  with  biofilms  of  certain 
areas  add  up  to  the  anomaly  on  the  other. ^2  Further, 
data  on  the  effect  of  light  on  corrosion  potentials'  '  are  con¬ 
flicting  . 

In  this  paper,  the  corrosion  potential  of  a  stainless  alloy  is 
investigated  in  relation  to  light  level  and  the  composition  of 
microfouling .  The  anodic  behaviour  of  an  ennobling  stainless 
alloy  is  also  studied  by  electrochemical  techniques  since  earlier 
works  have  not  considered  this  aspect. 
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Bxperiaental  Procedures 


Corrosion  Potential  Measuresients 

Titanium  (grade  2)  was  chosen  for  the  present  study.  The  coupons, 
measuring  50  x  25  x  1  mm,  were  polished,  decreased  in  acetone  and 
rinsed  in  distilled  water  before  use.  Electrical  lead  to  the 
coupons  was  made  with  copper  wire,  and  a  lacquer  coating  insulated 
the  bimetallic  junction. 

Biofilms  were  allowed  to  develop  on  the  titanium  coupons  under 
three  different  light  conditions.  Natural  seawater  was  brought 
into  the  laboratory  by  the  continuous  pumping  facility  at  OPMEC, 
Tuticorin . 

Exposure  #  1  utilized  a  large  (750L  capacity,  rectangular)  tank 
filled  almost  to  the  top  with  seawater.  Water  was  pumped  in,  and 
removed  by  gravity  flow  ensuring  good  replacement  twice  a  day.  By 

virtue  of  placement  of  the  tank  outdoors,  the  water  in  the  tank 

received  illumination  direct  from  the  sun.  The  intensity  of  light 
just  above  the  water  surface  (about  1  foot  from  the  position  of 
the  coupons)  varied  between  20,000  and  35,000  lux  during  most  part 
of  the  day  on  gloomy  days.  On  bright  sunny  days,  the  light  level 
was  about  50,000  lux  or  higher. 

The  other  two  exposures  were  made  in  SOL  tanks  in  the  laboratory 
where  seawater  was  renewed  once  in  24  hours.  One  was  kept  in  a 

dark  room  (to  exclude  diatoms)  while  the  other  was  placed  close 

to  the  northern  windows  of  the  laboratory  in  such  a  manner  that 
the  light  level  just  above  the  water  surface  was  low  to  moderate, 
between  2,000  and  4,000  lux  at  day  time.  This  condition  was 
sufficient  to  ensure  appreciable  diatom  representation  in  the 
biofilm. 

The  properties  of  seawater  during  the  study  period  were  as 
follows;  salinity  =  32.7  to  34.1;  DO  =  6  mg/L;  pH  =  8.1  to  8.2. 
Temperature  in  the  smaller  tanks  varied  between  25.2  and  25.8’C  at 
night  and  26.5  to  21 .T'C  during  day.  The  readings  in  the  large 
tank  were  about  the  same  as  in  the  smaller  tanks  at  night,  but 
higher  by  1  to  2*^0  in  day  hours. 

For  each  exposure  condition,  five  coupons  were  used  for  measuring 
corrosion  potential.  The  coupons  were  suspended  from  wooden 
planks  and  the  potentials  recorded  by  using  a  high  impedance 
voltmeter  in  conjunction  with  a  saturated  calomel  electrode  (SCE). 
These  measurements  in  the  large  tank  were  timed  at  05.00,  11.00, 

17.00  and  21.00  hrs  in  order  to  observe  possible  variations  in 
response  to  the  photo-period.  In  the  indoor  experiment, 
recordings  were  spaced  24  hours  during  the  first  5  days,  and  2  to 
several  days  subsequently . 

The  microfouling  that  formed  on  titanium  coupons  was  not 
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specifically  characterised  since  an  earlier  investigation 
covering  two  seasons  has  brought  out  the  successional  patterns  in 
biofilm  formation  under  low-light  and  alternate  light/dari: 
conditions  in  Tuticorin  waters. 

Electrochemical  Heasurements 

Cyclic  anodic  polarization  was  performed  on  a  bare  titanium  coupon 
and  two  biofilmed  titanium  coupons.  These  later  coupons  were 
ennobled  by  125  mV  and  215  mV  upon  exposure  to  the  indoor  tank 
receiving  moderate  light  level,  for  respective  periods  of  7  and  15 
days.  An  EG  AG  PARC  Potentiostat  (model  173)  and  Universal 
Programmer  i model  175)  were  used  for  determining  passive  current 
(ip)  and  critical  pitting  potential  (Ecpp).  Anodic  polarization 
was  scanned  (1  mV/sec)  from  a  potential  100  mV  negative  to  the 
open  circuit  potential .  The  critical  pitting  potential  was  taken 
as  that  potential  coincident  with  a  sharp  rise  in  current  marking 
the  transition  from  passive  to  transpassive  behaviour. 

Results 


Corrosion  Potentials 

Results  of  titanium  exposure  to  the  large  tank  (high  illumination) 
are  presented  in  Figure  1.  Potential  variations  up  to  200  mV  or 
more  are  noted  between  the  period  of  maximum  illumination  and  the 
period  of  darkness.  Note  that  this  effect  is  obvious  even  before 
the  time  required  for  biofilm  formation.  This  figure  also  shows 
that  the  fluctuations  are  much  reduced  with  time,  upon  aging  of 
the  biofilm. 


Potentials  of  titanium  in  the  indoor  exposures  were  remarkably 
affected  by  the  illumination  factor.  At  the  end  of  the  exposure 
period,  all  of  the  coupons  exposed  to  2  low  y  lis^t  contained 
reasonable  numbers  of  diatoms  (about  10^  /  cm^),  whereas  those  in 
the  dark  did  not.  Figure  2  shows  that  an  appreciable  ennobling 
(by  about  240  mV)  results  in  presence  of  diatoms.  Light/dark 
variation  in  potential  was  usually  small  (30  to  40  mV),  and  all 
data  presented  in  Figure  2  are  those  recorded  in  day  light. 
Potentials  in  the  dark  are  shifted  by  only  50  mV,  to  be  eventually 
reduced  after  7  days. 


Pitting  Scans 

Cyclic  anodic  polarization  curves  for  bare  and  biofilmed  titanium 
coupons  are  shown  in  Figure  3.  There  is  an  appreciable  shift  in 
the  critical  pitting  potential  from  +200  mV  (bare  coupon)  to  about 
+660  mV  and  +800  mV  after  7  and  15  days  of  biofilm  formation 
respectively.  Note  that  this  improvement  in  the  Ecpp  is 
accompanied  by  a  decrease  in  the  passive  current,  i  . 


Discussion 
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Present  results  are  consistent  with  our  earlier  observation  that 
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an  appreciable  and  consistent  ennoblin9  requires  the  presence  of 
diatoms  in  biofilms.  In  that  study  conducted  on  titanium  and  304 
stainless  steel  the  corrosion  potentials  of  sea-immersed  coupons 
were  ennobled  in  day  hours,  with  corresponding  dip  in  values  at 
night.  These  potential  excursions  were  in  sharp  contrast  to  the 
trend  shown  for  stainless  alloys  in  Delaware  waters  9,14.  Data 
presented  in  ^  Figure  2  are  in  with  the  observations 

by  Motoda  ^  and  Little  et  al.  ,  to  be  complementary  to  the 

objection  raised  against  the  low  pH  mechanism. 

Q 

In  our  earlier  investigation  that  is  referred  to  above  ,  the 
coupons  were  immersed  in  natural  seawater  below  OPMEC  platform, 
the  illumination  level  being  comparable  to  that  imparted  on 
coupons  of  the  indoor  exposure  of  the  present  study  (2000  to  4000 
lux).  This  light  level  has  «  no  major  influence  on  corrosion 
potential  of  stainless  steel®  in  the  absence  of  biofilms.  Fig.l, 
however,  shows  that  high  light  intensities  can  probably  interfere 
with  the  ennobling  phenomenon.  The  potentials  for  titanium  as 
negative  as  those  shown  by  Mansfeld  et  al"^  .  from  Port 
Hueneme  waters  are  very  likely  to  have  been  caused  by  excessive 
light.  Also  possible  is  that  some,. if  not  all  of  the  potential 
dip  observed  by  Dexter  and  Zhang  in  day  hours  could  have  been 
due  to  this  effect. 

Exposure  of  titanium  to  Tuticorin  harbour  waters  in  the  dark  does 
not  g  result  in  sustained  ennoblement  (Figure  2)  as  already 
shown®., 2  This  observation  is  in  agreement  with  that  of  Little 
et  al^  .  for  biofilms  from  Gulf  of  Mexico  waters.  Quite 
large  109  the  contrary,  has  been  noted  by  several 

authors'^'  '  whose  exposure  condition  utilized  substantially  low 
light,  at  the  exclusion  of  diatoms. 

We  suggest  a  model  that  provides  for  settling  the  conflicting 
corrosion  potential  behaviour  quoted  above.  The  Tuticorin 
seawater  biofilm  is  arguably  more  acidic  than  a  "normal”  biofilm, 
by  increased  g  presence  of  acid  producing,  thiosulphate  oxidi¬ 
sing,  bacteria®.  Assuming  difference  in  biofilm  pH  as  the  major 
criterion  for  the  observed  variablility ,  we  hypothesis  that  (i) 
ennoblement  is  to  be  expected  with  any  biofilm  whose  pH  is  neutral 
or  close  to  it  and  (ii)  loss  or  absence  of  ennoblement  is  caused 
by  acidic  or  alkaline  shifts,  i.e.  unfavourable  pH  s.  This  model 
implies  that,  with  an  acidic  biofilm,  ennobling  occurs  in  day 
light  when  the  diatoms  neutralize  the  acid  pH.  The  opposite  trend 
should  be  expected  with  neutral  pH  biofilms.  Here,  photosynthesis 
will  result  in  alkaline  pH  s  contributing  to  the  loss.  Figures 
4a,  4band  4c  are  three  hypothetical  configurations  depicting  Ecorr 
behaviour  in  response  to  biofilm  pH.  The  first  of  this  shows 
a  typical  Mediterranean  profile.  The  ennobling  here  is  large 
with  a  narrow  scatter  in  values.  Present  authors  presume  this  to 
be  an  effect  of  persistent  neutral  pH  conditions  throughout  the 
exposure.  Figures  4b  and  4c  represent  Delaware  and  Tuticorin 
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situations  respectively.  Note  that  the  scatter  in  Ecorr  is 
typically  larye  due  to  sunliyht,  i.e.  photosynthesis.  Positive 
and  negative  Ecorr  shifts  are  reversed,  as  shown  by  the 
corresponding  dark  and  open  zones.  Our  hypothesis  predicts  nobler 
shift  in  Ecorr  (an  ennoblement)  to  occur  at  pH's  close  to  neutral, 
no  matter  when  this  is  achieved. 

12 

Absence  of  ennoblement  in  the  Gulf  of  Mexico  waters  may  also  be 
understood  in  terms  of  the  neutral  pH  theory.  Little  observed 
biofilm  pH  to  be  unvarying  from  that  of  the  bulk  seawater  (pH  8) 
in  experiments  with  continuous  lighting.  This  pH  is 
considerably  lower  than  that  measured  by  Terry  and  Edyvean'*’  or 
the  g  value  thought  to  exist  in  Delaware  biofilms  exposed  to 
light^.  Sustained  ennobling  was  observed  by  Little  only  under  such 
conditions.  The  Ecorr  was  rapidly  ennobled  in  the  dark,  „  quite 
similar  to  the  occurrence  in  Tuticorin  in  harbour  waters”.  Little 
observed  that  biofilm  pH  in  the  dark  was  non-uniform,  varying 
between  5.4  and  9.2.  The  fact  that  she  measured  high 
concentration  of  organic  carbon  in  the  Gulf  of  Mexico  waters 
probably  reflects  enhanced  heterotrophic  bacterial  activity  and 
hence  large  acid  production.  This  presumption  would  both 
vindicate  the  absence  /  loss  of  ennoblement  in  dark  and  explain 
why  the  interfacial  pH  was  not  raised  high  enough  by  light. 

Results  of  anodic  polarization  (Figure  3)  clearly  reveal  that  the 
ennoblement  process  involves  (i)  a  decrease  in  i  and  (ii)  an 
increase  in  Ecpp,  both  parameters  indicating  an  ^enhancement  of 
passivity.  The  fate  of  i  for  ennobling  stainless  .galloys  has  not 
been  measured  by  earliel^  workers.  Scotto  ^  al.  calculated  ip 
from  weight  loss  data  and  concluded  that  the  value  was  nearly  the 
same  for  stainless  steels  immersed  in  artificial  seawater  as  for 
those  ennobled  by  biofilms.  Such  calculations  can  be  misleading, 
since  the  weight  loss  data  provide  little  information  regarding 
the  ^^.^electrochemical  parameters  of  stainless  alloys.  Malik 
et  al.  ,  for  instance,  found  that  the  losses  in  weight  on  SS  316 
in  chloride  media  about  were  nearly  the  same  for  pH  variations 
from  4  to  9,  whereas  the  Ecpp  varied  drastically.  The  large 
positive  shift  in  critical  pitting  potential  during  ennoblement 
further  questions  the  validity  of  the  low  pH  mechanism,  since  it 
is  well  documented  that  the  Ecpp  for  304  and  316  stainless  steels 
is  shifted  to  more  negative  values  by  reduced  pH. 

X  3  14  17 

Several  authors '  '  have  noted  that  a  minor  amount  of 
ennobling  usually  occurs  during  the  first  few  hours  or  days  of 
exposure  to  synthetic  chloride  media  and/or  natural  seawater. 
This  shift,  which  does  not  require  the  presence  of  biofilms,  is 
generally  thought  to  indicate  that  the  alloy  is  passivated. 
Present  authors  are  of  the  opinion  that  microorganisms  accomplish 
a  further  improvement  in  passivity  by  producing  specific 
inhibitors  which  are  retained  in  the  biofilm  matrix.  It  follows 
from  the  neutral  pH  model  that  the  production  and/or  efficiency  of 
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such  inhibitors  is  crucially  controlled  by  biofilm  pH. 

One  important  aspect  with  our  mechanism  concerns  disagreement  of 
the  passivity  improvement  concept  with  the  prevalent,  generalized 
notion  that  biofilms  eventually  cause  corrosion  by  shifting  Ecorr 
into  Ecpp  range.  We  do  not  know,  however,  a  reference  from  the 
ennoblement  literature  where  pitting  corrosion  on  biofilmed 
surfaces  and  not  crevice  corrosion  beneath  washers  and/or  lacquer 
coating  has  been  demonstrated.  As  a  matter  of  fact,  biofilms 
usually  shift  the  Ecorr  of  certain  alloy  to  potentials  more 
positive  than  their  Ecpp  values  without  causing  pitting. 
Speculation  as  to  how  this  can  happen  cannot  easily  be  accounted 
for  by  other  mechanisms. 
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1  :  Potential  excursions  on  a  titanium  coupon  exposed  outdoors. 
Dark  circles  are  values  taken  at  ni^t;  open  cirxiles,  day. 


Fig.2  :  Potentiais  measured  on  five  titanium  coupons. 
Dark  circles  represent  values  in  the  dark  tank; 
open  circles,  iLLurainated  tank. 


CURRENT  (/uA) 


100 


Fig.3  :  Anodic  pcOarization  curves  for  titanium, 
a  =  bare  titanium;  b  =  bdofUmed  titanium  ennobled  by  125  mV 
c  =  biofILmed  titaniu m  ennobled  by  215  mV 


Fig.4  :  Three  hypothetical  configurations  depicting  ^^orr 
profiles  in  re^onse  to  biofilm  pH 
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Abstract 

The  stainless  steel  electrode  is  polarized  at  a  potential  corresponding  to  the  diffusion  plateau 
of  the  oxygen  and  the  limiting  current  is  analyzed  for  different  immersion  times  in  natural 
seawater.  The  variation  of  the  limiting  current  with  time  (in  days)  is  due  to  the  bio-film 
formation  and  so  the  modification  of  the  mass  transport  properties  trough  this  bio-film. 

Key  terms  :  bio-film,  mass  transport,  impedance 


3717 


Introduction 


Microbiologically  influenced  corrosion  is  due  to  the  presence  of  micro-organisms  which  forms 
a  bio-film  on  a  metal  surface  and  leads  to  changes  in  the  rates  and  sometimes  also  the  types 
of  the  electrochemical  reactions  which  are  involved  in  the  corrosion  processes. 
Electrochemical  techniques  are  able  to  provide  reliable  information  but  the  complexity  of  the 
corrosion  phenomena  combined  with  the  complexity  of  the  bio-film  had  limited  ^e  proposed 
mechanisms^  >2.  In  the  present  paper,  a  rotating  disk  electrode  in  stainless  steel  is  polarized 
in  natural  seawater  at  a  potential  corresponding  to  the  reduction  plateau  of  the  oxygen.  The 
oxygen  current  is  limited  by  the  mass  transport  and  in  particular  by  its  transport  through  the 
bio-film.  In  this  case  the  information  obtained  are  not  concerned  by  the  corrosion  process  but 
only  by  the  presence  of  the  bio-film.  Of  course  each  measurement  is  performed  on  a  short 
time  in  order  to  neglect  the  formation  of  calcareous  deposits.  An  accurate  formula  is  used  in 
order  to  analyze  the  data,  but  the  scattering  of  the  experimental  data  limited  until  now  the 
conclusions. 


I.  Theoretical  Analysis  :  Diffusion  Transport  through  a  Porous  Layer 

In  a  first  step  the  bio-film  is  considred  as  a  porous  non  reacting  layer  covering  the  metallic 
interface,  it  may  slow  down  the  mass  transfer  rate  of  diffusing  species  and  in  particular  of 
oxygen.  This  decrease  includes  the  effect  of  the  layer  permeability  Of/Sf  where  Df  is  the 
apparent  diffusion  coefficient  through  the  layer  and  S|  the  layer  thickness.  Transient 
techniques  such  as  the  electrochemical  or  the  electrohydrodynamical  (EHD)  impedance 
measurements  provide,  in  principle,  an  evaluation  of  the  diffusion  time  constant  8|2/Df  and 
thus,  by  combining  the  steady-state  and  transient  data,  a  separate  determination  of  df  and  D| 
is  available. 

A.  Steady-state 

The  system  under  investigation  is  schematized  in  Figure  1.  The  concentration  gradient  is 
distributed  between  the  fluid  and  the  porous  layer.  Therefore  two  mass  balance  equations 
can  be  written  ; 

(i)  In  the  porous  layer,  the  concento'ation  distribution  is  only  determined  by  the 
molecular  diffusion. 

(ii)  In  the  fluid,  the  concentration  distribution  is  governed  by  the  convective  diffusion. 
The  steady-state  current  may  be  analytically  determined^  : 

i-'-Il-’ *  Ik’ +  i-'o^  (1) 

where  l^  is  the  limiting  diffusion  current  at  £2  on  the  metallic  surface  free  from  porous  layer,  ^ 
is  the  "kinetic"  current,  i.e.  that  given  by  the  transfer  reaction  by  assuming  the  mass  transfer 
process  in  volume  is  infinitely  fast  and  Iq  is  the  limiting  current  when  the  whole 
concerrtratlon  distribution  is  located  within  the  porous  layer,  i.e.  when  angular  speed  ><». 

The  interest  of  using  reciprocal  values  as  in  equation  (1)  is  that  an  experimental  plot  of  1*^  vs 
Q'''^  must  provide  a  straight  line  parallel  to  the  Levich  linear  variation  which  passes  through 
the  origin. 
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When  the  experiment  is  performed  on  the  diffusion  plateau  ->0),  the  ordinate  value  of  the 
intercept  of  this  straight  line  gives  I*^q_»«  that  is  proportional  to  the  layer  permeability  Df/5j 
=  (n  F  Cfg  Df)/8(,  with  C=concentration). 

B.  Electrohydrodynamical  Impedance 

The  electrohydrodynamical  (EHD)  impedance,  i.e.  the  frequency  response  of  an 
electrochemical  system  to  a  perturbation  of  tfie  angular  speed  (Q)  of  a  rotating  disk  electrode 
is  now  a  well-known  technique  for  an  heterogeneous  reaction  on  a  uniform  accessible 
interface^’^.  The  unsteady  convection  diffusion  equation  links  the  concentration  field  to  the 
velocity  in  the  diffusion  layer.  The  normal  velocity  is  v^Ct)  =  a(t)z2  (with  asconstant,  z=normal 
distance)  and  the  mass  transport  transfer  function  =  (A(dc/dz)  /  Aa)  had  been  calculated 
and  tabulated  in  references  4  and  5  versus  the  dimensionless  frequency  pSc^^  for  a  uniform 
accessible  bare  electrode  (with  ps(a/^2,  cospulsation.  SoSchmidt  number). 

The  hydrodynamic  transfer  function  (Z^^  =  Ao/AQ)  had  been  calculated  from  the  Navier- 
Stokes  equation^'®. 

In  potentiostatic  regulation,  on  the  diffusion  plateau,  if  the  effect  of  the  double  layer 
capacitance  is  neglected  we  have  ; 


^EHD  =  Al/Aii  =  n  F  D  2^  Zhd 


(2) 


In  the  case  of  a  porous  non  reacting  layer  covering  the  electrode^ 


^EHO 


nFZcZ 


HO 


(ch  (sf)) 


5,D  4  . 


5  \ 

th(sf) 


V 


(3) 


where  (-1/0'(o))  is  the  dimensionless  convective  Warburg  impedance”  and  S(  =  jco  52, /D,. 

This  last  expression  had  been  simjiated  (figure  2)  for  different  angular  velocities,  in  contrast 
with  the  simple  behaviour  on  bare  electrode,  the  data  are  no  more  reducible  by  the 
dimensionless  frequency  p  =  ca/^l  An  increase  of  £2  produces  a  shift  of  the  Bode  diagrams 
toward  smaller  p  values,  other  parameters  being  kept  constant. 

II.  Experimental 

The  stainless  electrode  being  polarized  in  natural  seawater  at  a  potential  (-750  mV/ECS) 
corresponding  to  the  diffusion  plateau  of  oxygen,  the  steady  current  is  recorded  versus  the 
square-root  of  the  angular  speed  of  the  rotating  disk  electrode  (figure  3).  The  curve  obtained 
immediately  after  the  immersion  is  a  straight  line  with  a  non-zero  intercept  at  Q  =  0, 
corresponding  to  a  non  diffusional  component  of  the  current,  this  one  is  probably  due  to  the 
hydrogen  current.  The  cuwe  obtained  two  days  after  the  immersion  is  no  more  a  straight  line 
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but  has  a  dear  curvature  in  agreement  with  the  expression  (1).  Then  the  steady  results  must 
be  analyzed  by  considering  an  expression  as : 


where  Iq  is  the  hydrogen  current. 

I|^,  the  Levich  current,  is  proportional  to  £2^^  (l|^  =  then  three  different  parameters  can 
be  fitted  from  the  experimental  results  ;  Iq.  ia-».  and  K.  A  fitting  procedure  is  used  for  each 
set  of  experimental  results  and  the  agreement  between  the  experimental  points  and  the  fitted 
curve  is  excellent,  then  the  expression  (4)  can  be  used  in  order  to  analyze  the  steady  current 

On  figure  4,  (I  -  lo)-^  is  plotted  versus  ig  had  been  determined  with  a  fitting  procedure. 
These  results  correspond  to  those  plotted  on  figure  3. 

On  figure  5,  the  three  fitted  parameters  (Iq,  and  K'^)  are  plotted  versus  the  immersion 
time.  Each  point  corresponds  to  a  different  sample,  this  procedure  decreases  the  risk  of 
modifying  the  bio-film  by  experiments,  on  the  opposite  the  reproducibility  from  one  sample  to 
another  one  is  not  very  good. 

The  dispersion  of  the  results  for  the  hydrogen  current  (figure  5a)  is  decreasing  with  time  but 
the  average  value  seems  constant.  So  the  active  area  of  the  stainless  steel  electrode  is  not 
modified  by  the  presence  of  the  bio-film. 

so  the  inverse  of  the  layer  permeability,  is  increasing  fastely  during  the  first  four  days 
and  then  decreases  to  zero  before  to  increase  again  (figure  5b).  Two  time  constants  are 
appearing  in  the  developments  of  the  bio-film,  the  first  one  just  after  the  immersion  and  the 
second  one  for  an  immersion  time  longer  than  five  days.  This  critical  time  of  four  days  had 
been  observed  previously  by  measuring  the  open  circuit  potential^. 

The  dispersion  of  the  Levich  constant  (figure  5c)  is  linked  as  the  current  l^  to  the  dispersion 
of  the  active  area  but  also  to  a  possible  variation  of  the  seawater  oxygen  concentration. 

The  steady-state  measurements  being  not  completely  understood,  in  particular  due  to  the 
dispersion  of  the  results,  the  transient  techniques  and  in  particular  the  EHD  impedance 
cannot  be  analyzed  quantitatively.  Nevertheless,  the  EHD  impedance  obtained  after  21  days 
of  immersion  has  qualitatively  the  properties  of  an  EHD  impedance  of  an  electrode  coated  by 
a  porous  layer  (figure  6). 


ill.  Conclusion 

The  analysis  of  the  oxygen  current  measured  on  a  steel  electrode  seems  a  promising  way  to 
characterize  the  mass  transport  through  the  bio-film.  A  procedure  in  order  to  reduce  the 
scattering  of  the  experimental  results  is  in  progress.  Nevertheless,  the  present  data  show  the 
modification  of  the  bio-film  after  four  or  five  days  and  a  particular  attention  will  be  devoted  to 
this  first  bio-film  development. 


3720 


Reterences. 


1 .  F.  MansfekJ,  B.  Uttle,  Corrosion  Science.  32  (1 991 ):  p.  247. 

2.  B.  UtUe,  P.  Wagner.  F.  Mansfeld, 

Material  Science  Forum,  111-112  (1992):  p.  1 . 

3.  C.  Deslouis,  B.  Tribollet  M.  Duprat,  F.  Moran, 

J.  Electrochemicai  Society,  134  (1987):  p.  2496. 

4.  B.  Tribollet.  J.  Newman,  J.  Electrochemical  Society.  130  (1983):  p.  2016. 

5.  C.  Deslouis.  B.  Tribollet 

"Advances  In  Electrochemical  Sdence  and  Engineering" 

(Vol  2,  edited  by  Tobias  and  Gerischer.  VCH  Welnhein, 

New  York,  1991),  p.  264. 

6.  B.  Tribollet.  J.  Newman,  J.  Electrochemical  Society.  1 30  (1 983):  p.  822. 

7.  R.  Holthe,  E.  Bardal,  P.O.  Gartland,  Corroslon/88,  paper  n*  293 
(Houston,  TX :  National  Association  of  Corrosion  Engineers,  1988). 


Figure  1  :  Variation  of  the  concentration  versus  the  axial  coordinate. 
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PHASE  SHIFT  (degree)  REDUCED  AMPLITU DE  A (p)/A(o) 


Figure  2 :  From  equation  (3),  EHD  impedance  versus  the  dimensionless  frequency  p  for 
different  rotation  speeds.  The  curve  in  full  line  is  the  EHD  impedance  on  a  bare  electrode. 
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Figure  5  :  Variation  of  the  fitted  parameters  versus  time,  (a)  corresponds  to  the  hydrogen 
current,  (b)  corresponds  to  which  is  proportional  to  the  layer  permeability  and  (c) 
corresponds  to  the  inverse  of  Levich  constant. 


Figure  6  :  Experimental  EHD  Impedance  obtained  after  an  immersion  time  of  21  days.  The 
curve  in  dashed  line  is  the  theoretical  curve  on  a  bare  electrode  for  a  Schmidt  number  of  700 
(corresponding  to  the  oxygen),  (o)  corresponds  to  the  experimental  EHD  impedance  at 
120  rpm,  (•)  corresponds  to  the  experimental  EHD  impedance  at  1200  rpm. 


3725 


Microfoal Ing  Indueod  Corrosion  of  Alloys* 


Z.  Ylng 

Qingdao  Resaarch  Institute  for  Marine  Corrosion 
Central  Iron  &  Steel  Research  Institute 
Wheat  Island,  Qingdao,  Shandong 
People's  Repii^llc  of  China  266071 

Wing  Qlu 

Biology  Departaent 
Qingdao  Ocean  University 
Qingdao,  Shandong 
People's  Republic  of  China  266071 


Abstract 

Weight  loss  neasurement ,  electrochesiical  techniques,  scanning  electron  alcroscopy 
(SEM)  and  X-ray  diffraction  analyses  were  made  in  the  study  of  the  effect  of 
Thiobacillus  thioparus  (T.p.)  and  Thiobacillus  ferrooxidans  (T.f.)  bacteria  on 
mechanisms  of  Mlcrobiologically  Induced  Corrosion  (MIC)  of  Cr-Ni-Mo-V  steel  and 
SS316L. 

Experimental  results  showed  that  both  bacteria  attached  to  the  surface  of  these 
alloys  and  induced  localized  change  of  the  constituents  of  the  electrolyte,  pH 
and  oxygen  levels.  These  changes  lead  to  changes  in  the  rates  and  the  types  of 
the  electrochemical  reaction  of  alloys.  T.P.  excretes  H2SO4  and  forms  a  slime 
layer.  T.f  oxidizes  Fe*^  to  Fe'*'®  and  it  can  form  tubercles.  In  cultures  of  T.p. , 
the  pitting  resistance  of  SS316L  was  foimd  to  be  lower,  Ipass  and  Ecorr  hi^er, 
accompanied  by  the  formation  of  an  active  peak  and  a  decrease  in  the  passive 
range.  T.f.  had  no  obvious  effect  on  SS316L. 

Key  terms:  Biodeterioration,  Corrosion,  Microfouling,  Thiobacillus. 
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Introduction 

Early  in  1895  Dutch  biologist  M.  W.  Beijerainck  proposed  that  biological  activity 
on  the  surface  of  metals  is  one  of  the  important  factors  for  corrosion.  After 
nearly  a  century,  especially  after  1970,  scientists  in  biology,  chemistry  and 
materials  engineering  have  done  much  research  on  Mlcrobiologically  Influenced 
Corrosion  (MIC)  or  biodeterioration  [1*6].  A  large  percentage  of  available 
literature  deals  with  corrosion  involving  anaerobic,  sulfate  reducing  bacteria 
(SRB) .  Sulphur -oxidizing  bacteria,  especially  those  that  are  acid  producers  and 
acidophilic,  such  as  members  of  the  genus  Thiobacillus,  are  particularly 
noteworthy  [7-10].  The  corrosive  effects  of  the  Thiobacilli  can  mainly  be 
attributed  to  their  ability  to  produce  sulphuric  acid  and  to  oxidize  Fe*^^  to  Fe'*^^. 
Biological  corrosion  of  steels  is  mainly  due  to  microbes  and  their  biocoene 
sxiccession.  When  steels  were  exposed  in  water,  it  was  microbes  that  first 
attached  to  the  surface  of  steel  which  was  determined  by  the  chemotaxls  of 
organisBis.  As  the  blofilm  formed,  it  created  a  localized  region  (or  niche)  next 
to  the  metal  surface  in  which  the  chemistry,  pH  and  oxygen  level  of  the 


3726 


electrolyte  were  altered,  leading  to  changes  in  the  rates  and  the  types  of 
electrochenical  reactions  which  are  Involved  In  the  corrosion  processes. 


The  purpose  of  this  work  was  to  Investigate  the  mechanism  of  MIC  on  a  Cr-Nl-Mo-V 
steel  and  SS316L  In  cultures  of  Thlobaclllus  thlonarus  (marine)  and  Thlobaclllus 
ferrooxldans  (continent)  and  to  provide  basic  data  for  the  development  of  new 
materials  with  anticorrosion  and  antlfoullng  properties. 

Experimental  Methods 

Thlobaclllus  thloparus  was  Isolated  from  rust  of  steel  In  sea  water  and 
cultivated  In  cultures,  a  technology  described  by  T.  Y.  Xue  [11].  The 
composition  of  the  culture  medium  was  Ma2S203 . SH20 ,  10. Og;  K2HPO4,  4.0g;  KH2PO4, 
4.0g;  NH4CI,  0.4g;  MgSO4.7H20,  0.8g;  FeSO^;  MnS04,  seawater  1000ml.  pH6, 
27C(±1C) .  Thlobaclllus  ferrooxldans  was  Isolated  from  Co  mine  effluent  according 
to  the  procedures  of  U.  M.  Yan  [12].  The  composition  of  the  culture  medium  was 
(NH4)2S04,  3.0g;  KCl,  O.lg;  K2HPO4,  0.5g;  MgS04.7H20,  0.5g;  Ca(N03)2,  O.Olg; 
distill  water,  700ml;  ION  H2SO4,  1ml;  14.78%  FeS04.7H20  Solution,  300ml  pH2.5, 
30C(±1C). 

The  compositions  of  the  alloys  used  were  as  follows : 

Alloys  Composition  (W  %) 


C  SI  Mn  P  S  Cr  Ni  V  Mo  Zr 


Cr-Nl-Mo-V  0.135  0.52  1.03  0.022  0.008  0.67  1.2  0.035  0.10 

SS316L  0.006  0.57  1.01  0.019  0.016  17.15  12.50  --  2.56  0.002 

The  tests  were  conducted  In  cultures  of  T.p.  and  T.f.  and  In  sterile  medium.  The 
tests  have  run  for  9  days.  The  electrodes  for  electrochemical  test  were  made 
according  to  National  Standard  GB4334.9-84  [13].  The  samples  of  SS316L  were 
passivated  In  30%HN03  at  60°C  for  1  hr  before  testing,  exactly  1  cm^  of  area  was 
exposed  to  the  solutions.  Samples  were  ground  on  SIC  grinding  paper  to  grit  size 
of  600#.  Corrosion  potentials  and  potentiodynamic  polarization  curves  were 
measured  with  an  EG&G  PARC  corrosion  measuring  system  (Model  351).  A  scan  rate 
of  20  mv/mln.  Impedance  was  measured  with  a  Solartron  1250  instrument.  For  all 
electrochemical  tests,  the  saturated  calomel  electrode  (SCE)  was  used  as 
reference  electrode  and  platinum  electrode  as  counter  electrode. 

Cr-Nl-Mo-V  steel  samples  exposed  9  days  In  media  Inoculated  with  the  bacterium 
have  been  analyzed  by  D/max- V  B  rotating  anode  X-ray  diffraction  Instrument  made 
by  Japan  Recom  Motor  Corporation  to  analyze  compositions  of  rust. 

Coupons  were  examined  by  SEM  periodically  during  the  experiment  (two  hours, 
five  hours,  four  days,  eight  days).  SEM  coupons  were  prepared  by  dipping  In  a 
fixative  composed  of  2.5%  glutaraldehyde ,  dehydrating  with  50%,  70%,  80%,  90%, 
100%  alcohol  and  critical  point  drying  from  CO^.  Coupon  surfaces  were  coated 
with  gold  before  examination  with  SEM. 
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Results  and  Discussion 


The  two  bacteria  used  have  different  metabolic  characteristics.  Thiobacillus 
thionarus  produces  sulfuric  acid  and  elemental  sulfur  and  derives  energy  from  the 
oxidation  of  Sodium  Thiosulfate. 

5Nd2S203  +  4^02  H2O  —  •  3Na2SO^  +  H2S0^  + 

Thiobacillus  ferrooxidans  gets  energy  by  oxidizing  ferrous  to  ferric. 

- >  Fe*^  +  e" 


Corrosion  under  the  slime  layer 

Surfaces  of  the  Cr-Ni-Mo-V  steel  coupons  exposed  in  Thiobacillus  thionarus  were 
inspected  with  SEM.  There  were  bacteria  attached  on  2-hour  coupon  [14].  It  was 
found  that  a  biofllm  formed  on  the  3-  and  4-day  coupons.  The  potentials  of  Cr- 
Ni-Mo-V  steel  greatly  shifted  (Figure  1).  Figure  3  shows  that  cathodic  current 
density  increased.  Impedance  got  smaller  (Table  1) ,  which  resulted  in  increase 
in  the  Corrosion  rates.  Anodic  Tafel  slope  gradually  increased.  Black  rust 
contained  Fe304,  FeSO^,  TeO,  FeS  and  etc.  (Table  2). 

When  a  metal  is  immersed  in  natural  seawater  and  other  aqueous  systems,  the 
dissolution  of  metal  will  take  place  according  to  the  following  equations: 

Fe - >  Fe*2  +  2e‘ 

O2  +  2H2O  +  4e'  - >  40H' 

Thiobacillus  thloparus  attached  to  the  surface  of  Cr-Ni-Mo-V  steel  excretes  H2SO4 
and  S,  forms  slime  layer,  and  results  in  localized  changes  of  the  electrolyte, 
pH  and  oxygen  levels.  It  was  found  that  the  pH  decreased  from  6  to  4.5  during 
the  duration  of  the  tests.  Increase  in  cathodic  current  density  and  decrease  in 
cathodic  slope  indicated  that  H'*'  within  slime  layer  can  be  utilized  by  equations 
given  below: 


2H^  +  2e-  - >  H2 

O2  +  4H^  +  4e’  - >  2H2O 

The  existence  of  the  bacterium  provides  strongly  corrosive  agent  H2SO4,  enhances 
cathodic  depolarization  and  increases  active  dissolution  of  anode.  The  whole 
reaction  was  under  cathodic  control.  After  forming  a  slime  and  rust  layer,  the 
rate  of  corrosion  was  under  cathodic -anodic  mixed  control.  The  corrosion  ability 
of  thiobacillus  thionarus  was  weakened  by  the  buffered  materials  K2HP04  and 
KH2P04.  The  experimental  results  confirm  that  the  bacterium  is  more  corrosive 
than  natural  seawater  and  medium. 

Susceptibility  of  passive  film  to  bacteria 

From  Figure  7,  we  can  see  that  Thiobacillus  thloparus  attached  to  the  surface  of 
SS316L  in  about  two  hours,  and  they  multiplied  on  the  surface  of  5  hour  coupon 
(Figure  8).  The  slime  layer  on  the  9-day  coupon  was  sparse  from  Figure  9.  One 
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of  three  repeated  tests  found  pits.  Corrosion  potentials  of  SS316L  shifted 
subtly  noble,  as  shown  In  Figure  2.  Pitting  resistance  of  the  passive  flla 
decreased  (Table  1)  .  Figure  4  showed  potent lodynanilc  polarization  curves  of 
SS316L  In  sterile  medium  and  In  the  culture  of  T.p.  Pitting  curves  for  SS316L 
In  Thlobaclllus  thlooarus  culture  showed  the  formation  of  an  active  peak, 
Increase  In  Ipass,  and  decrease  In  the  passive  range. 

The  sterile  medium  contains  0.6H  NaCl+  0.03M  Na2S203.  Newman  et  al.  fo\ind  that 
thiosulfate  will  Induce  pitting  of  SS304  when  sufficient  chloride  Ion  is  present. 
0.2SM  NaCl-i-O.OlM  Na2S203  Is  a  very  severe  pitting  environment  for  SS304  at  25C. 
The  existence  of  bacteria  made  system  more  complicated  by  excreting  H2SO4  and  S. 
Gamer  [17]  found  that  thiosulfate  pitting  can  occur  In  the  absence  of  chloride, 
when  sufficient  sulfate  Is  present.  In  this  work.  It  was  found  that  the  pitting 
susceptibility  of  SS316L  Increased  when  sufficient  chloride  Ions  3.6%  were 
present  and  the  S04"VS203'^  ratio  reached  a  certain  range.  Electrodes  were  placed 
Into  cell  In  the  logarithmic  growth  period  of  the  bacteria.  After  3-4  days, 
bacterial  growth  reached  stable  period,  and  the  bacteria  excreted  a  large  amount 
of  H2SO4.  The  S04"VS203'^  ratio  Increased  greatly.  Anions  like  Cl"  and  SO4"* 
electromlgrate  and  absorb  at  the  pit  site,  which  becomes  acidified.  The 
acidified  environment  decreases  activation  energy  of  dissolution  of  the  passive 
film.  It  has  been  argued  that  thiosulfate  will  decompose  to  form  elemental 
sulfur  [16,  18]  and  H2S  [19],  and  thus  promote  anodic  dissolution. 

Numerous  reports  show  a  rapid  ennoblement  of  Ecorr  during  the  first  days  of 
exposure  for  stainless  steels  In  natural  seawater  [20-26].  Dexter  and  Gao  [25] 
concluded  that  the  Increase  of  Ecorr  for  the  samples  of  SS316  was  due  to  an 
Increase  of  the  rate  of  the  cathodic  reduction  of  oxygen  at  a  given  potential. 
It  Is  microbes  that  first  attach  to  the  surface  of  samples,  when  steel  Is  exposed 
to  natural  seawater.  Thlobaclllus  thlonarus  is  one  of  them,  and  laboratory  works 
have  shown  that  the  potentials  of  SS316L  shift  slightly  In  the  noble  direction, 
this  Is  In  agreement  with  work  as  described  above,  but  we  found  no  obvious 
Increase  of  cathodic  current  density.  This  suggests  that  electrochemical 
evaluation  of  other  marine  bacteria,  such  as  Thlobaclllus  thiooxldans  and 
Desulforlbrlo  desulforlcans  should  be  done.  All  these  bacteria  can  bring  about 
changes  of  cathodic  process.  Other  papers  showed  a  decrease  in  Ecorr  for  SSs  in 
cultures  of  SRB  [3,5] .  In  this  work  the  corrosion  potential  of  SS316L  was  in  the 
range  of  pitting  potential,  and  this  may  bring  about  localized  corrosion  of 
SS316L.  The  corrosion  behavior  of  SS316L  in  T.f .  culture  was  similar  to  that  in 
dilute  H2SO4  solution  with  Fe*^.  T.f.  attached  to  the  surface  of  SS316L  as  shown 
in  Figure  10,  however,  no  significant  effect  on  the  pitting  resistance  was 
detected  from  Figure  6. 

Effect  of  ferric  ion 

It  has  been  found  that  Thlobaclllus  ferrooxldans  attached  to  the  surface  of  Cr- 
Ni-Mo-V  steel  in  two  hours  [14] .  Pitting  corrosion  Increased  during  the  period 
of  test.  The  acidity  of  electrolyte  and  anodic  depolarization  of  Thlobaclllus 
ferrooxldans  made  Cr-Ni-Mo-V  steel  into  a  highly  active  state,  and  the  potential, 
Ecorr,  shifted  in  the  active  direction  (Figure  1).  Figure  5  showed  that  Cr-Ni- 
Ho-V  steel  corroded  at  a  constant  rate  In  cultures  of  T.f.  After  removing  red 
rust  from  the  surface  of  steel,  it  was  found  that  there  were  10  plts/cm2  (1mm 
deep)  on  the  surface.  The  composition  of  red  rust  was  mainly  Fe203  (Table  2). 
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There  are  different  opinions  about  the  effect  of  ferric  ion  on  corrosion  of 
steel.  Little  et  al.  [8]  demonstrated  that  microbial  oxidation  of  Fe**^^  to  Fe'*^^ 
resulted  in  red  deposits  that  covered  73%  of  the  surface  of  the  electrode.  The 
accumulated  ferric  hydroxide  created  differential  aeration  cells.  But  Kino  et 
al.  [7]  suggested  that  ferrous  iron  in  equilibrium  with  metallic  iron  will  be 
oxidized  by  Thiobacillus  ferrooxidans .  resulting  in  ferric  ion  which  oxidizes  the 
metal.  Thus  ferrooxidans  recycles  the  ferric  ions  required  for  the 

initial  attack.  Under  the  same  experimental  conditions,  the  result  of  iron  plate 
in  the  culture  of  T.f.  have  been  obtained  in  the  presence  of  high  ferric  ion 
concentration  (44g/L) . 

The  results  presented  here  have  shown  that  bacteria  attached  to  the  surface  of 
steel  and  oxidized  Fe^^  to  Fe**^^.  The  ferric  compounds  precipitated  around  the 
cells  and  accumulated  as  tubercles.  The  material  under  the  tubercles  became  the 
anode  of  the  cell,  while  the  area  away  from  the  tubercles  became  the  cathode. 
The  mechanism  of  corrosion  is  simply  the  formation  of  a  differential  aeration 
cell  due  to  the  uptake  of  oxygen  by  the  microbial  colony  and  cathodic  reaction, 
the  oxygen  concentration  under  these  conditions  becoming  depleted. 

Conclusions 

1.  Two  bacteria  attached  on  the  surface  of  Cr-Ni-Mo-V  steel  can  form  a  niche 
which  has  the  different  constituents,  pH  et  al . ,  T.p.  formed  slime  layer,  T.f. 
formed  tubercles.  Both  accelerated  corrosion  of  Cr-Nl-Mo-V  steel. 

2.  The  pitting  curves  for  SS316L  in  T.p.  showed  the  formation  of  an  active  peak, 
an  increase  in  Ipass,  a  decrease  in  the  passive  range.  T.f.  had  no  obvious 
effect  on  SS316L. 

3.  Electrochemical  techniques,  SEM  and  X-ray  diffraction  proved  the  difference 
between  two  bacteria. 

4.  A  bacterium  has  different  effects  on  different  alloys. 
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Table  1  The  Impedance  Rp  (ohm'Cm^) 


T.p. 

T.f . 

sterile 

1  day 

5  days 

sterile 

1  day 

5  days 

316L 

22000 

9550 

11000 

32000 

18000 

28000 

Cr-Ni-Mo-V 

103 

101 

8.6 

108 

67 

63 

Table  2  The 

compositions 

of  rust 

T.f. 

F®2®3 

Fe(0H)2 

FeO 

T.p. 

Fe203 

FeS 

FeSO* 

FejO* 

FeO  FeS2 

FeOGH 
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-0.40 


0-0.50 


-0.70 


Fi£,  1  Corrosleil  polonlini  and  Pll  vs  tisK?  for 
Cr*lli-Mo-V  .stool  in  tho  culture  of  T.p.  rind  T.f. 


01  23  4  56789  10 

TIME(d) 


6.0 

s.o 

40 

i 

30 

2.0 

i.O 


Fig. 2  Corrosion  potentical  and  Pll  vs  tine  for 
SS316L  in  the  culture  of  T.p.  and  T.f. 
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Potential (V.vs  SCE)  SCE) 


LOG  I  A/ci2 


LOG  I  A/ca2 


Fig. 3  Polarization  curves  of  945  steel  in  Fig. 4  Polarization  curves  of  SS316L  in 

sterile  lediun  and  in  the  culture  of  T.p.  sterile  uediuu  and  in  the  culture  of  I.p. 


LOG  I  A/ci2 


Fig. 5  Polarization  curves  of  S45  steel  in 
sterile  aediua  and  in  the  culture  of  T.f. 


-8  -6  -4  -2 


LOG  I  A/ci2 

Fig. 6  Polarization  curves  of  SS316L  in 
sterile  aediua  and  in  the  culture  of  T.f. 
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Fig. 7  Scanning  electron  Bicrograph  of  T.p.  Fjfl-S  Scanning  electron  licrograph  of  T.p, 

attached  on  the  surface  of  SS316L  after  2  hours  attached  on  the  surface  of  SS316L  after  5  hours 


Fig. 9  Scanning  electron  licrograph  of  T.p.  Fig. 10  Scanning  electron  licrograph  of  T.f. 

attached  on  the  surface  of  SS316L  after  9  days  attached  on  the  surface  of  SS316L  after  4  days 
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Abstract 

These  studies  wore  undertaken  to  elucidate  the  significance  of  microbial  consortia  in  localised, 
low  water  marine  corrosion  of  carbon  steel.  Microorganisms  present  in  biofilms  formed  on 
steel  were  isolated,  enumerated  and  identified.  Corrosion  products  accumulated  in  biofilms 
were  analysed  and  electrochemical  measurements  were  performed  under  laboratory  conditions 
to  determine  the  extent  of  corrosion  in  the  presence  of  pure  and  mixed  microbial  isolates. 

The  results  of  microbiological  studies  showed  the  presence  of  diverse  bacterial  genera  such  as 
sulphate  reducing  bacteria  (SRB),  Pseudomonas  and  Vibrio  as  well  as  different  species  of  the 
same  genus  in  biofUms  removed  from  the  surface  of  steel.  No  simple  correlation  was  found 
between  bacterial  numbers  and  observed  corrosion  levels.  However,  the  composition  of 
microbial  consortia  appeared  to  be  linked  with  the  degree  of  corrosion.  There  was  a  tendency 
for  bacterial  species  of  the  same  genus  to  be  associated  with  non-corroding  sites,  whereas 
mixed  populations  were  always  detected  in  sundries  from  corroding  sites.  The  number  of  SRB 
was  higher  in  the  biofilms  recovered  from  sites  which  experienced  high  rates  of  corrosion. 
Although  the  SRB  count  was  moderate  to  low,  the  bacteria  showed  high  metabolic  activity. 

Phase  analysis  of  the  surface  products  revealed  differences  between  samples  from  non- 
corroding  and  corroding  sites.  The  former  consisted  largely  of  oxyhydroxides  with  some 
magnetite;  the  latter  showed  the  presence  of  iron  sulphides.  Electrochemical  measurements  of 
average  corrosion  rates  showed  that  SRB  in  pure  and  mixed  cultures  were  aggressive  to  steel 
and  a  dependence  between  the  exposure  time  and  the  observed  level  of  corrosion  was  noted. 

The  results  emphasise  the  importance  of  the  conqrosition  of  microbial  consortia  and  their 
metabolic  activity  in  the  process  of  marine  biocorrosion. 

This  project  has  been  sponsored  by  British  Steel  Technical,  UK. 

Key  terms:  marine  corrosion,  microbial  corrositni,  localised  corrosion,  biofilms,  carbon  steel. 
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IntroducdcMi 

The  occurrence  of  highly  localised,  low  water  corrosion  of  cartxm  steel  piling  has  recendy  beat 
reported  in  many  European  harbours.  Steel  manufactums  have  launched  a  im)gramine  of 
investigation  in  order  to  determine  the  cause  of  this  accelerated  corrosion.  Studies  involved 
installation  of  test  panels  and  continuous,  on-line  corrosion  monitoring,  using  a  variety  of 
electrochemical  techniques.  In  addition,  parameters  such  as  temperature,  pH  and  suliduite 
content  of  the  water  were  also  measured.  The  sections  of  piles  retrieved  for  replacemoit  were 
examined  for  the  presence  of  residual  stresses.  Data  obtained  from  tests  did  not  i»x>vide  a 
satisfactory  explanation  of  the  observed  phenomena.  Corrosion  rates  calculated  on  Ac  basis  of 
performed  measurements  were  much  lower  ccMiqMued  to  observed  levels  of  metal  deloioration, 
estimated  as  3mnVyear.  Analysis  of  the  results  indicated  diat  factcvs  other  than  diose  commonly 
considered  as  instigating  corrosion  of  carlxm  steel  in  marine  environment  were  contributing  to 
the  process.  The  involvement  of  a  biological  contribution  has  been  suggested  as  one  of  the 
possible  mechanisms  contributing  to  the  corrosion  of  piles.  Numerous  studies  report  cases  of 
microbially  influenced  corrosion  of  steel  in  marine  habitats.  The  role  of  anaerobic  sulphate- 
reducing  bacteria  (SRB),  aerobic  Pseudomonas  and  facultatively  anaerobic  Vibrio  spp.  has 
often  been  emphasised.  The  deleterious  influence  of  SRB  on  steel  corrosion  is  unequivocally 
accepted.  Marine  Vibrio  species  are  reported  to  enhance  the  adhesion  of  SRB  to  steel  surfaces 
thus  increasing  metal  corrosion^ Pseudomonas  are  prevalent  in  all  aquatic  environments 
where  their  primary  role  in  corrosion  appears  to  be  in  colonising  metal  surfaces,  creating 
oxygen-depleted  microenvironments  for  SRB  growth,  initiating  differential  aeration  cells  and 
excreting  corrosive  acids^’^.  The  accelerated  ctMTOsion  of  stainless  steel  in  seawater  by  marine 
Pseudomonas  spp  and  its  exopolymers  has  also  been  demonstrated^.  It  is  widely  accepted  diat 
microbial  consortia  present  as  a  biofilm  on  the  metal  surface  are  able  to  influence  corrosion 
process.  Moreover,  is  often  found  that  the  rate  of  corrosion  in  mixed  cultures  is  greater  than  in 
pure  cultures  and  that  synergistic  effects  opoiate.  Although  the  complexity  of  interaction 
between  microbial  populations  within  a  biofllm  is  well  appreciated  no  documented  informatitm 
exists  regarding  biofilm/substrate  interactions  occurring  in  the  presence  of  more  than  two 
bacterial  genera.  In  the  field  of  microbially  induced  corrosion,  very  few  studies  deal  with 
corrosion  of  steel  in  mixed  cultures^’^*^.  Prior  to  this  investigation  no  work  focusing  on  the 
importance  of  the  composition  of  microbial  communities  in  marine  corrosion  appears  to  have 
been  reported. 


Experimental 

Procedures  for  Microbial  Sanq>ling  and  Sample  Treatment 

Biofrlm  samples  were  collected,  on  two  separate  visits,  from  the  sheet  piling  wall  from 
corroding  and  non-corroding  sites  (S 1  and  S2  respectively)  at  a  variety  of  tidal  and  low  water 
levels  and  from  inpans,  outpans  and  web  regions  of  the  piles,  hi  the  case  of  each  sample  taken 
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from  the  piling  wall,  an  area  of  i^>proximatBly  2S  cm^  was  cleaied  by  ronoving  die  jKoducts  of 
macrofouling.  The  exposed  biofilm  remaining  in  direct  contact  with  the  surface  was  removed 
with  a  sterile  cotton  swab  and  the  swab  was  placed  in  a  sterile  medium  for  (wotection  and 
I»eservation.  In  subsequent  laboratory  studies,  cotton  tips  were  removed,  placed  in  a  known 
amount  of  sterile  water  and  homogenised  by  vortexing  to  achieve  a  uniform  bacterial 
suspension.  A  known  amount  of  this  suspension  was  then  spread-plated  on  four  different 
types  of  solid  growth  media  such  as  marine  agar,  yeast  agar.  Pseudomonas  isolation  agar  and 
total  count  agar  (Difco)  for  the  purpose  of  detection  and  enumeration  of  aerobic  bacteria  and 
fungi.  An  aliquot  of  the  biofilm  suspension  was  transferred  into  a  liquid,  deoxygenated 
growth  medium  (Postgate's  medium  supplied  by  SGS  Redwood  Ltd.,  UK)  for  detection 
of  sulphate  reducing  bacteria.  All  procedures  vrere  carried  out  aseptically. 

Sediment  samples  were  recovered  from  the  sea  bed  along  the  length  of  the  piling  at  regular 
intervals  of  25  metres.  Samples  were  placed  in  pre-weighed,  sterile  plastic  containers, 
reweighed  and  after  resusspension  in  a  known  volume  of  sterile  water,  processed  as  described 
for  biofUms. 

Bacterial  Enumeration  and  Identification 

Bacterial  enumeration  was  performed  by  the  viable  count  method.  The  inoculated  plates  were 
incubated  for  48  hours  at  25^.  The  colonies  were  counted  twice  after  periods  of  24  h  and  48  h 
and  then  the  counts  were  normalised  to  either  the  surface  area  of  samples  (in  order  to  give  the 
number  of  bacterial  cells  per  cm^,  or  to  the  bulk  (for  determination  of  the  number  of  cells  per 
milligramme  of  sediment). 

Preliminary'  identification  of  aerobic  bacteria  in  both  biofrlms  and  sediment  samples  was 
accomplished  by  studying  the  morphology  of  colonies  and  determining  (3ram  reaction  and 
motility  of  the  cells  us'^.g  both  light  and  epifluorescence  microscopy.  Further  identification 
was  carried  out  by  the  API  (Analytical  Profile  Index)  tests  API20E  and  API20NE  (Bio  Merieux 
Ltd).  SRB  in  biofilms  and  in  the  "ediment  samples  were  enumerated  by  the  "dilution  to 
extinction"  method^  ^ 

Electrochemical  Measuremoits 

A  series  of  electrochenucal  measurements  were  performed  to  determine  the  behaviour  of  steel 
in  pure  and  mixed  bacterial  cultures.  Measurements  were  made  at  a  tempoature  of  22°C  using 
a  three  electrode  cell.  A  steel  wodHng  electrwde  was  falnicated  by  eiKtqrsulating  non-corroded 
steel  piling  material  in  epoxy  resin  to  expose  a  1  cm^  disc;  this  was  polished  down  to  a  sub- 
micron  surface  finish  on  wet  alumina  and  degreased  in  trichloroethane  before  use.  A  large 
surface  area  platinum  mesh  counter  electrode  was  used.  The  reference  electrode  was  a 
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saturated  calomel  type  which  coinmunicatnl  to  a  point  ca  1  mm  away  from  the  woiidng 
electrode  surface  via  a  luggin  cq>illaiy  to  minimise  unconq)ensated  IR  drop  between  working 
and  reference  electrodes.  The  electrolyte  was  either  Postgate  medium  cf  seawater  taken 
from  the  vicinity  of  tested  sites.  The  water  was  strained  and  autoclaved  befme  measurements 
and  was  used  either  in  the  sterile  conditions  (control  experiments)  ot  it  was  iiKxnilated  widi 
bactoria  isolated  from  biofilms  recovered  frxmi  C(»roded  piling.  Several  types  of  measurements 
were  made: 

(a)  steaefy  state  potentiodynamic  sweep  were  used  to  obtain  current-potential  curves 

(b)  observed  Tafel  regions  from  (a)  were  extrapolated  to  the  corrosion  potential  to  obtain  an 
estimate  of  ctmosion  rate. 

(c)  a  linear  polarisation  instrument  was  used  to  nKMoitor  corrosion  rates. 

In  addition,  two  other  strains  of  SRB  were  tested  to  serve  as  a  frame  of  reference  in  order  to 
establish  the  aggressiveness  of  the  tested  strain.  These  othCT  strains  were  associated  with 
severe  cases  of  marine  corrosion  of  mild  steel,  one  in  Indonesia  and  die  other  in  Alaska.  SEM 
micrographs  of  steel  sections  exposed  to  these  three  different  strains  were  taken  to  supplement 
electrochemical  data. 

Surface  Analysis 

Corrosion  products  present  in  biofrlms  removed  from  sites  SI  and  S2  were  charactoised  by 
Energy  dispersive  X-ray  analysis  (EDXA)  and  X-ray  diffraction  techniques.  Typical  samples 
recovered  from  corrosion  and  surface  products  were  analysed  by  a  scanning  X-ray 
diffractometer  using  Co  radiation  to  obtain  an  {^proximate  interplanar  spacing  in  the  range  of 
1.0  to  8.0  A  (corresponding  to  a  10  deg  to  120  deg  scattering  angle  range). 

Results  and  Discusaon 

Bactbrial  Assessment 

The  results  of  bacterial  assessment  are  presented  in  Tables  1  and  2  for  sanples  takra  on  the 
first  visit  and  in  Tables  3  and  4  for  sanples  collected  on  the  second  visit  The  outcome  of  these 
microbiological  studies  revealed  that  the  biofilms  removed  from  the  surface  of  steel  piling 
contained  diverse  bacterial  genera  as  well  as  different  species  of  the  same  genus.  These 
microbial  consortia  consisted  of  aerobic  and  anaerobic  bactorial  cells  and  products  of  cell 
metabolism  known  as  extracdlular  polymeric  matrix  (EPM). 

.Siilphate-rwducing  bacteia.  SRB  were  found  in  the  sediment  altmg  die  whole  length  of  the 
piling.  The  number  of  cells  detected  in  sediment  was  similar  irrespective  of  the  sampling  site 
and  equalled  10^  cellsfrng  of  wet  mud.  SRB  woe  also  isolated  from  biofilms  removed  from  the 
surface  of  die  piling.  No  growth  of  SRB  was  detected  in  samples  collected  on  the  first  site 
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visit  wiA  the  excqxion  of  samples  H  and  M  which  were  obtained  from  the  area  around  the  hole 
in  die  out  panel  at  the  low  wata*  level  (Table  1).  All  but  one  suiqile  cdlected  on  die  second  site 
visit  (^^Koximately  two  mmidis  lator)  contained  SRB.  The  nundier  of  SRB  varied  dqiending 
'in  the  sampling  region  (TaUe  3).  Typically,  there  was  a  greater  number  of  SRB  associated 
with  corroding  areas  of  piling  than  with  the  areas  which  did  not  exhiUt  signs  of  corrosion. 
SRB  have  a  very  high  requirement  for  inm;  actively  corroding  areas  of  piling  are  likely  to 
provide  higher  concentrations  of  ferrous  ions  dian  non-corroding  sites  thereby  oicouraging  the 
proliferation  of  SRB.  The  high  bacterial  presence  would  tend  to  depolarise  the  cathodic 
reaction  Idn^s,  leading  to  increased  ccmosion  rates.  The  lack  of  detection  of  SRB  in  sanqiles 
collected  during  the  first  visit  could  be  related  to  the  physiological  status  of  cells  and  their 
abundance  in  the  proximity  of  the  surface.  It  is  likely  that  the  population  of  the  SRB  is 
subjected  to  seasonal  variations  and  that  the  numbers  present  in  biofilms  were  below  the 
detection  level 

PxpuH/nnnnas  and  VibrM  species.  The  presence  of  bacteria  implicated  in  marine  corrosimi 
of  steel,  in  biofilms  removed  from  the  piling,  indicates  that  tiie  microbial  conqwnent  may  play  a 
significant  part  in  observed,  localised  corrosion.  The  composition  of  microbial  consortia 
varied  depending  of  the  region  fiom  which  samples  were  taken  (Tables  2  and  4).  Biofilms 
recovered  from  sites  which  did  not  exhibit  corrosion  showed  the  prevalence  of  either 
Pseudomonas  or  Vibrio  species  (Tables  1  and  3  req)ectively).  In  the  later  case  the  number  of 
SRB  detected  in  these  saiiq)les  was  one  or  two  orders  of  magnitude  lower  than  in  sanq>les  from 
corroded  areas.  The  number  of  aerobic 'lacteria  counted  was  also  lower  except  for  sample  2 
(Table  3). 

The  results  presented  in  Table  1  appear  to  indicate  a  lack  of  correlation  between  the  total 
numbo*  of  aerobic  cells  and  corrosion.  It  is  more  likely  that  the  conrqwsition  of  the  consortia 
and  its  metabolic  activity  will  determine  die  aggressiveness  of  the  environment  at  die  surface  of 
steel^^.  Indeed,  san^les  recovered  from  the  corroding  areas  showed  the  jnesence  of  hkhc  than 
two  microbial  species  including  yeast  (Tables  1  and  3).  However,  the  number  of  cells  in  these 
samples  was  always  relatively  high. 

Electrochemical  Measurements 

A  series  of  experiments  utilising  the  Tafel  exmqiolation  technique  were  applied  to  a  sterile 
seawater  control  and  to  seawater  inoculated  at  the  level  of  10^  cells/cm^  with  pure  and  mixed 
cultures  of  SRB,  Vibrio  and  Pseudomonas  isolated  from  the  surface  of  piling  material.  As 
shown  in  Table  5,  the  infected  electrolyte  samples  each  gave  rise  to  a  modest  increase  in  the 
estimated  corrosion  rate  at  shmt  times.  After  21  hours,  the  SRB,  Vibrio  and  Pseudomonas 
mixture  showed  a  drop  in  the  corrosion  rate  which  may  be  attributed  to  the  temporary 
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fonnation  of  a  protective  surface  film.  The  Tafel  extrapolation  technique  also  showed 
comparatively  little  change  in  the  corrosion  rate  over  a  six-day  period.  Due  to  technical 
problems  associated  with  the  application  of  this  technique  (e.g.  die  time  required  for  rqietitive 
measurements,  the  need  for  unconqiensated  IR  drop  correction  and  the  large  perturbations  fnxn 
the  open-circuit  potential  invtdved),  the  linear  polarisation  method  was  preferred  for  mmiitoring 
studies.  Figure  1  shows  die  mean  corrosion  rate  as  a  function  of  time  over  a  period  of  IS  days 
in  Postgate  medium  C  as  found  by  a  linear  polarisadon  technique.  Hie  corrosion  rates  for  dre 
sterile  and  infected  media  are  conqiarable  for  an  initial  period  of  approximately  3  days. 
Thereafter,  the  infected  sample  shows  a  marked  increase  in  corrosion  rate,  teaching  a  relatively 
high  level  of  >1 1  nqiy  (mils  per  year)  after  day  9.  During  diis  time  the  control  (sterile)  sanqile 
shows  a  relatively  small  increase  in  corrosion  rates  over  the  range  0.6  to  2  nq>y.  It  should  be 
noted  that  these  results  relate  to  initially  smooth,  polished  sariqiles;  in  practice,  a  significant 
roughening  would  result  in  an  increase  in  the  observed  corrosion  rate  due  to  an  oihanced 
surface  area.  Another  experiment  utilised  a  100  cm^  sterile  sea  water  electrolyte  which  was 
inoculated  with  1  cm^  of  sludge  taken  from  a  biofilm  removed  from  an  ouq>an  on  site  SI.  As 
shown  in  frgure  2,  the  mean  corrosion  rate  (measured  by  a  linear  polarisation  resistance 
technique)  showed  a  similar  trend  to  the  behaviour  of  steel  in  POstgate  medium  C  infected  with 
SRB.  The  initial  rate  was  relatively  low  (1.3  mpy)  but  a  n^id  increase  occurred  aftor  a  3  to  4 
day  period.  At  a  sufficiently  long  time  (mcnre  than  25  days),  the  corrosion  rate  became  relatively 
steady  at  a  level  of  approximately  14  nqiy.  The  data  in  frgures  1  and  2  demrastrate  the 
importance  of  time-dependent  studies  of  microbial  corrosion  in  this  system  and  the 
shortcomings  of  riqiid  tests. 

In  auxiliary  laboratory  experiments,  SRB  isolated  from  biofilms  removed  from  sheet  piling 
gave  rise  to  particular  high  corrosion  rates  comparing  with  Alaskan  and  Indonesian  strains  (as 
measured  by  LPR).  SEM  studies  supported  electrochemical  data  showing  tiiat  biofilm 
formation  and  corrosion  of  steel  surface  underneath  of  the  biofilm  was  greater  in  the  case  of 
PortsoKMith  strain  than  that  observed  for  Alarican  and  Indonesian  strains  at  longer  times^^. 

Eno'gy  Dispersive  X-ray  Analysis  and  X-Ray  Diffractitm  Analysis 

A  number  of  sanqiles  of  surface  products  were  analysed  from  three  sites  and  typical  results  are 
summarised  in  Table  6.  The  majority  of  samples  showed  {q>preciable  sulphur  and  chlorine 
contents,  while  some  samples  contained  calcium  and  occasionally  magnesium.  The  sulphur 
levels  tended  to  be  highest  in  the  samples  taken  from  test  site  SI.  The  diffraction  patterns  are 
rendered  complex  by  the  presence  of  minerals,  organic  and  amorphous  material.  Phase 
identification  is  also  hindered  by  the  large  number  of  components  and  wide  ranges  of 
stoichiometry.  However,  samples  taken  from  outyan  and  inpan  sections  at  site  S 1  showed  the 
presence  of  iron  sulphides  and  relatively  high  magnetite  levels.  The  presence  of  iron  sulphides 
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in  several  san^les  was  confirmed  by  the  evolution  of  hydrogen  sulfriiide  on  addition  of 
hydrochloric  acid  and  by  the  evolution  of  nitrogen  effervescence  during  an  azide  ^t  test 
Several  peaks  w«e  not  readily  identined  using  JCPDS  assignments.  Diffnartion  patterns  frcmi 
site  S2  and  from  general  surface  corrosion  i»oducts  showed  the  i»esence  of  large  amounts  of 
iron  oxyhydroxides  and  moderate  magnetite  levels.  Additional  analyses  are  required  to 
determine  whether  these  ctnrosion  products  were  biogenically  produced. 

Conclusions 

1 .  AlditHigh  die  SRB  count  was  moderate  to  low,  the  bacteria  were  shown  to  be  very 
active  metabolically.  Auxilliary  experiments  demonstrated  that,  in  comparison  with 
odier  SRB  species  associated  with  the  corrosion  of  mild  steel,  die  strain  isolated  from 
biofilms  taken  from  a  ccxToded  sheet  piling  proved  to  be  highly  aggressive. 

2.  The  analysis  of  biofilm  samples  revealed  die  presence  of  different  species  of  aerobic 
bacteria  belonging  to  die  genera  Pseudomonas  and  Vibrio  which  are  reported  to  be 
associated  with  corrosion  of  steel  in  aquatic  oivironments.  No  simple  correlation  was 
found  between  numbers  of  aerolxc  bacteria  and  observed  corrosion  levels.  However, 
diere  was  an  indication  that  the  conqwsition  of  die  microbial  consortia  was  linked  with 
the  degree  of  corrosion.  There  was  also  a  tendency  for  bacterial  species  of  the  same 
genus  to  be  associated  with  non-corroding  sites  whereas  mixed  genera  were  always 
found  in  san^les  fiom  corroding  sites. 

4.  EDX  analysis  showed  the  presoice  of  relatively  high  levels  of  sulphur  in  surface 
products  taken  from  both  sites  SI  and  S2,  the  values  lying  within  the  ran^  0  %  to  8 
%.  There  was  a  tendency  for  site  S 1  to  show  higher  sulphur  levels. 

5.  Phase  analysis  of  the  surface  products  by  XRD,  although  problematic  due  to 
appreciable  levels  of  amorphous,  organic  (including  microbial  EPM)  and  mineral 
components,  clearly  showed  differences  between  products  from  S2  and  SI  sites.  The 
former  consisted  largely  of  iron  oxyhydroxides  with  some  magnetite;  die  latter  showed 
additional  XRD  peaks  pardy  attributable  to  iron  sulidiides. 

6.  Electrochemical  measurements  of  averaged  corrositm  rate  showed  that: 

(a)  sterile  and  SRB  infected  Postgate's  media  gpve  rise  to  conqiarable  corrosion  rates  (1 
mpy)  at  short  times  (up  to  3  days).  At  longer  times,  the  SRB  infected  medium  ^owed 
a  nqnd  increase  in  corrosion  rate  with  time. 

(b)  in  seawater  inoculated  with  tnofilm  susprasicMi,  the  corrosion  also  showed  a 
marked  increase  following  a  short  (4  day)  induction  period. 
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In  view  of  the  obtained  results  it  may  be  concluded  that  microbial  consortia  can  significantly 
contribute  to  the  process  of  localised  nutrine  corrosion  of  steel.  Further  work  involving 
sampling  from  different  UK  harbours  in  order  to  extend  the  present  tindings  and  elucidate 
bioctnrosion  mechanisms  is  in  {vogress. 

The  authcvs  are  grateful  to  British  Steel  Technical,  Swinden  Laboratories,  U.K.  for  financial 
support  and  to  Mr  K.  Johnson  and  Dr  V.  Qiun  in  the  Corrosion  Section  of  this  company  for 
dieir  valualde  technical  advice. 
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*  thebacteria  woe  inoculated  at  an  approximate  levd  of  10^  cells  per  cm^  in  the  case  of  each 
genera 


Tabic  <.  Eneigy  Disperatve  X-Ray  Analysis  Ragments  of  Sotface  Products 


Sanqdes  conbnntng  high  levels  of  Si  have  been  ofnitlBd. 
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flgvrc  1  MeaiiCaaosiaoIUlB(viaLPRinniiltperyeir)ataniactiooof 
Time  for  Steel  Piling  in  Poi(0Met  Medto  C  at  220C 
The  diCfennoe  betam  a  new  ooniml  and  decm^  Hiocolaled  at  a  level  of 
lOSoeUa^cm^widiSRBiaolatedfromvatioaatoiDDes.  Ateariyliniea,anthe 
oomMioa  laaes  aie  compaiabie  and  aome  data  points  have  been  eoained  for 
daiity.  (Static  flow  conditinna). 


Fignrc  2  Mean  Coiroaioa  Rate  vena  Time  for  Steel  Piling  in  Seawater 

I<X)  cni3  electrolyte  waa  inoctilaled  with  1  cm^  sludgcybiofilm  material  from  a 
oonoding  oolpan  aection  at  test  site  SI  (Static  flow  conditiona). 
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Anaerobic  Corrosion  of  Steel  by  Phototrophic  Sulphur  Bacteria 
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CECRI  Unit,  Harbour  Area 
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S  Venkatakrishna  Iyer 

Central  Electrochemical  Research  Institute 
Karaikudi  623  006,  India 


Abstract 

Putrid  models  with  Tuticorin  seawater  revealed  a  novel  type  of 
anaerobic  corrosion.  Decomposition  of  macrofoulin^  organisms 
resulted  in  spectacular  colouration  of  putrid  seawater  exposed  to 
li<jht.  Putrid  cells  in  the  dark  did  not  show  pigmentation  and 
accounted  for  very  low  rates  of  steel  corrosion.  The  micro¬ 
organisms  responsible  for  colouration  as  well  as  corrosion 
enhancement  were  identified  as  the  photosynthetic  sulphur 
bacteria.  Chemical  analysis  indicated  that  these  bacteria 
accelerated  corrosion  by  anaerobic  oxidation  of  sulphide  to 
elemental  sulphur  under  photic  conditions. 

Introduction 

The  putrid  model  offers  a  convenient  way  for  evaluatiny^_2  marine 
alloys  in  media  represented  mixed  microbial  populations'*^  .  The 
predominance  of  sulphur  cycle  in  putrid  systems  can  be  illustrated 
by  the  transformation  of  atomic  ratio  of  elements  from  0:C:N:P  = 
240:106:16:1  under  aerobic  .conditions  to  S:C:N:P  =  60:106:16:1 
under  anaerobic  conditions^. 

Until  recently,  the  corrosivity  of  putrid  seawater  -  was  related 
directly  to  the  amount  of  sulphide.  Eashwar  et  have  however 
shown  that  the  role  of  sulphur  oxidising  bacteria,  e.c^. 
thiobacilli,  could  be  more  important.  The  authors  concluded  from 
that  study  that  sulphide  had  an  inhibitory  action  on  steel  under 
anaerobic  conditions. 

In  preliminary  studies  with  Tuticorin  seawater,  we  observed  that 
decomposition  of  organic  matter  regularly  resulted  in  bright 
colouration  of  putrid  water.  Furthermore,  rates  of^  corrosion  were 
considerably  higher  than  those  in  an  earlier  tesf^.  Microscopic 
examination  of  the  coloured  seawater  revealed  the  abundant 
presence  of  pigmented  microorganisms  which  apparently  were 
phototrophic  sulphur  bacteria.  A  detailed  investigation  was  taken 
up  to  examine  a  possible  role  for  these  bacteria  in  steel 
corrosion . 
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Experimental  Procedures 


Corrosion  Measuronents 

The  composition  of  the  steel  used  is  sho%m  in  Table  1.  Sheets 
(1.1mm  thick}  were  cut  into  coupons  that  measured  50mm  by  15  mm. 
They  were  picked,  polished,  de9reased,  weighed  and  stored  in 
desiccators  until  use. 

Eiyht  macrofouliny  species  (Table  2)  served  as  the  inoculum  with 
which  seawater  was  made  putrid.  Corrosion  cells  were  set-up  in  3L 
culture  flasks.  Each  species  was  allowed  to  staynate  and 
decompose  in  5%  (wt./vol.)  ratios  with  freshly  sampled  seawater. 
A  control  environment  was  also  used  in  which  the  cell  received 
only  seawater.  Six  coupons  (from  2  cells)  were  withdrawn  at 
desired  periods  for  assessment  of  corrosion  by  weiyht  loss. 
Potentials  of  the  steel  were  measured  using  a  high  impedance 
voltmeter  and  an  SCE,  utilizing  a  series  of  IL  flasks  with 
appropriate  additions  of  the  decomposing  species. 

Two  series  of  corrosion  tests  were  performed.  The  first  was 
designed  to  evaluate  the  corrosivity  of  putrid  seawater  as  a 
function  of  time.  In  the  second,  the  effect  of  light  was 
specifically  examined  by  placing  putrid  cells  in  (i)  the  dark  and 
(ii)  alternate  light/dark  (12/12)  condition.  Illumination 
(diffuse  sunlight)  level  varied  between  2,000  and  8,000  lux  in  day 
hours . 

Solution  Chemistry  Changes 

Chemical  analyses  were  carried  out  in  IL  flasks.  At  various 
stages  of  the  putrefaction  sequence,  seawater  was  withdrawn  for 
various  chemical  determinations.  The  first  series  of  corrosion 
tests  was  complemented  by  oxygen  and  pH  measurements  only.  In 
tests  examining  the  effect  of  illumination,  several  other 
'parameters  were  also  considered.  Sulphate,  .thiosulphate  and 
sulphide  were  determined  according  to  Grasshoff^.  Estimation  of 
elemental  .  sulphur  was  done  by  the  colorimetric  method  after 
Stal  ^  al. 

Microbiological  Studies 

Putrid  seawater  samples  were  regularly  observed  under  the 
microscope  for  the  presence  of  photosynthetic  sulphur  bacteria. 
Pigmentation,  morphology  and  motility  were  recorded  for  various 
species . 

Characterization  of  _  some  isolates  was  carried  out  according  to 
Pfenning  and  Truper^,  proceeding  from  agar  shake  dilution  in  the 
defined  media.  Purified  cultures  were  scaled  up  to  larger 
volumes.  Light  absorption  maxima  were  recorded  on  a  Shimadzu 
(model  160  UV)  spectrophotometer. 
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Results 


Corrosion 

A  remarkable  feature  with  all  of  the  putrid  cells  exposed  to  li9ht 
was  the  spectacular  colouration  of  seawater.  The  period  for 
colouration  was  normally  between  6  and  8  days  from  the 
commencement  of  decomposition,  but  took  10  days  in  presence  of  G. 
corticata .  Initially  the  colour  was  purple/pink,  but  this 
transformed  to  ^reen  by  20  days. 

Values  of  solution  pH  as  a  function  of  time  are  sho%m  in  Figure  1 
for  control  seawater  and  seawater  solutions  with  5%  decomposing 
macroorganisms.  The  pH  of  seawater  with  no  macro  species 
decreased  from  8.1  to  6.87  in  37  days.  This  decrease  was  dramatic 
in  the  presence  of  decomposing  organisms  and,  in  general,  the 
lowest  pH  was  measured  between  the  2nd  and  3rd  day  of  the 
putrefaction  process.  Thereafter,  the  pH  restored  slowly  to 
neutral  values.  As  seen  in  Figure  1,  return  of  pH  to  neutral  was 
least  in  the  C.  peltata  cell  and  most  rapid  in  the  one  with 
G.  corticata.  With  the  latter,  the  seawater  became  alkaline;  the 
pH  rise  in  the  cell  with  decomposing  sponge  was  also  somewhat 
peculiar  in  that  the  values  crashed  down  a  second  time  after  12 
days'  putrefaction. 

There  was  no  trace  of  dissolved  oxygen  in  any  of  the  putrid  cells 
after  36  hours.  As  a  matter  of  fact,  only  the  C.  peltata  cell 
contained  any  oxygen  (0.6  mg/L)  at  48  hours.  Values  recorded  at 
24  hours  correlated  well  with  the  corresponding  drop  in  pH.  The 
least  concentrations  (1.2  and  1.3  mg/L)  were  noted  for  the  oyster 
(C.  cucullata)  and  the  red  weed  (G.  corticata)  which  interestingly 
produced  the  most  acidic  conditions.  The  values  for  other  cells 
during  the  same  period  were  1.7  (Sargassum  sp.),  1.8  (T.  anhelans ) 
and  2.4  (C.  peltata ) . 

Figure  2  illustrates  the  fate  of  steel,  in  terms  of  corrosion 
rates,  in  the  control  and  putrid  cells.  In  presence  of  all 
decomposing  species,  with  one  obvious  exception,  G.  corticata ,  the 
steel  exhibited  very  low  rates  of  corrosion  during  the  first  5 
days.  Values  were  less  than  10  mdd,  the  least  being  2.81  mdd 
with  Sargassum  sp.  This  was  quite  unexpected  because  these  rates 
were  lower  than  those  in  the  control  cell.  Corrosion,  however, 
increased  dramatically  between  5  and  20  days,  i.e.  during  the 
period  when  the  seawater  in  the  cells  became  intensely  coloured. 
This  high  rate  was  sustained  till  the  completion  of  the 
experiments  (32  days).  In  contrast  to  other  species,  G .corticata 
was  responsible  for  a  high  amount  of  corrosion  initially,  which 
further  increased  in  the  later  periods.  The  rate  at  20  days  was 
an  imposing  63.34  mdd  which  was  considerably  higher  than  that 
caused  by  other  decomposing  species. 

Potentials  of  steel  for  the  corresponding  conditions  are  shown  in 
Figure  3.  There  was  no  appreciable  change  in  steel  potential  in 
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the  control  cell  (-750  to  -765  mV  vs  SCE) .  Onset  of 
decomposition,  however,  caused  potentials  to  rapidly  shift  in  the 
por  ^ive  direction.  Barring  a  minor  ne9ative  shift  between  12  and 
16  lays,  the  potentials  of  steel  in  the  spon9e  cell  moved 
pro9ressively  more  positive  and  reached  -610  mV  at  40  days.  With 
the  other  species,  potentials  drifted  ne9atively  after  the  initial 
positive  shift,  either  transiently  (Sar^assum  sp,  and  C.  peltata) 
or  permanently  (C.  cucullata) . 

Fi9ure  4  shows  that  li9ht  had  a  crucial  role  on  the  rate  of 
corrosion  of  steel.  In  9eneral.  corrosion  was  2  to  3  times  hi9her 
in  presence  of  li9ht.  Data  for  G .corticata  were  a9ain  one 
exception.  the  corrosion  acceleration  by  li9ht  bein9  only 
mcderate.  This  fact  illustrates  that  the  hi9h  rate  of  attack  was 
90verned  by  some,  as  yet  undetermined,  "corrosive"  chemical 
release  by  this  species. 

Solution  Chemistry 

pH  measured  in  the  dark  (D)  and  alternate  li9ht/dark(L/D)  cells 
with  5%  decomposin9  C.  peltata  are  shown  in  Fi9ure  5.  The  pH  in 
the  L/D  cell  dropped  more  slowly,  restored  to  neutral  more 
quickly  and  further  moved  on  the  alkaline  side. 

Liqht  had  a  conspicuous  and  remarkable  effect  on  the  speciation  of 
sulphur  in  putrid  seawater.  Fiqure  6  shows  the  levels  of 
sulphate,  thiosulphate,  sulphide  and  elemental  sulphur  as  a 
function  of  time.  There  was  a  small  increase  in  sulphate 
concentration  after  24  hours,  and  it  decreased  thereafter. 
Whereas  sulphate  in  the  dark  cell  depleted  progressively,  values 
in  the  L/D  cell  fluctuated  throu9hout.  A  different  trend  was 
noticed  with  thiosulphate  concentration.  Values  increased  in  both 
the  cells  until  about  9  days.  Thereafter,  a  marked  reduction  in 
thiosulphate  occurred  in  the  presence  of  light,  contrary  to  the 
further  increase  and  thereafter  a  relatively  constant  trend  in  the 
dark. 

Evolution  of  sulphide  occurred  faster  in  presence  of  light. 
Following  the  peak  at  9  days,  sulphide  was  used  up  at  a  remarkably 
high  rate  in  the  L/D  cell  until  about  20  days.  Between  20  and  37 
days,  however,  values  remained  less  variable.  Sulphide  reached 
its  peak  by  13th  day  in  the  dark  cells,  but  there  was  no  obvious 
loss  as  that  noced  in  the  L/D  cell.  Perhaps  the  most  note  worthy 
feature  was  the  variable  manner  in  which  sulphur  formed  in  the  D 
and  L/D  cells.  Levels  of  sulphur  were  very  low  throughout  the 
experimental  period  in  the  D  cell.  Note  that  a  dramatic  increase 
in  sulphur  concentration  occurred  in  the  L/D  cell  at  the  period 
corresponding  to  sulphide  depletion. 

Phototrophic  Sulphur  Bacteria 

The  purple/pink  photosynthetic  sulphur  bacteria  that  initially 
started  to  colour  the  putrid  seawater  exposed  to  light  were 
readily  recognised  as  members  of  the  family  Chromatiaceae  by  the 
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characteristic  absorption  maximum  at  the  830  nm  region.  Sulphur 
was  noted  as  highly  refractile  globules  inside  their  cells.  The 
first  to  appear  (after  6  to  7  days)  was  a  highly  motile  species, 
circular  to  ovoid,  which  kept  swarming  in-  the  whole  vessel 
(Thiocystis  iiel^yjiosa) .  Another  Chromatiaceae  representative  was 
a  larger.  non-motile.  rod-shaped  organism  which  occurred  in 
aggregates  of  hundreds  to  thousands  of  cells  (Thiodydion  sp.). 
This  species  was  in  particular  responsible  for  the  intense 
colouration  of  the  walls  of  flasks  to  which  they  adhered.  These 
two  species  occurred  in  all  putrid  cells  no  matter  what 
decomposing  macrofouling  species  they  contained,  and  persisted 
till  the  3rd  week. 

A  purple  red  sulphur  bacterium,  different  from  the  ones  mentioned 
above,  appeared  in  the  G .corticata  cell.  This  species  was  spiral, 
motile,  and  stored  sulphur  outside  the  cells.  Globules  of  sulphur 
were  found  in  the  medium  or  along  the  peripheral  part  of  their 
cells.  Placement  of  this  species  as  Ectothiorhodospira  mobilis 
was  suggested  by  1.  formation  of  sulphur  globules  outside  the 
cells.  2.  colour  of  the  species,  and  3.  absorption  spectrum 
(Figure  7)  revealing  2  major  peaks,  one  at  849  and  the  other  at 
799  nm. 

Microscopic  observations  of  green  water  showed  the  presence  of  a 
non-motile,  rod  shaped  green  bacterium.  Chlorobium  limicola.  In 
addition  to  this  species,  many  filamentous  gliding  bacteria 
occurred.  These  forms  were  mostly  confined  to  the  walls  of  the 
vessels.  Absorption  spectrum  of  C. limicola  culture  is  shown  in 
Figure  8. 


Discussion 

The  photosynthetic  sulphur  bacteria  play  an  important  role  not 
only  in  the  sulphur  cycle  but  also  in  the  synthesis  of  organic 
matter  in  aquatic  environments.  It  is  generally  accepted  that  the 
phototrophic  sulphur  bacteria  occur  in  much  greater  abundance^  in 
freshwater  and  estuarine  habitats  than  in  the  open  ocean”.  As 
a  result,  studies  of  photosynthetic  sulphur  bacteria  in  the  marine 
environment  are  rather  limited. 

Traditionally,  studies  on  the  isolation  of  phototrophic  sulphur 
bacteria  from  the  marine  environment  have  utilized  sea-bed 
sediment  as  the  only  source  of  inoculum.  A  rather  different 
source  ofginoculum,  namely  marine  sponges,, «  was  first  employed  by 
Eimjellen  and  later  by  Imhoff  and  Truper"^  .  Eimjellen  isolated 
Chlorobium  limicola  and  Thiocystis  sp.  from  Halichondrium  panicea . 
Attempts  by  the  latter  workers  with  4  species  of  marine  sponges 
confirmed  the  earlier  findings.  Isolation  of  phototrophic  sulphur 
bacteria  from  seawater  or  marine  organisms  other  than  sponges  has 
not  been  ventured  yet.  The  successful  use  of  putrid  systems  in 
enriching  photosynthetic  sulphur  bacteria  has  been  demonstrated  in 
this  work. 
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Since  the  location  of  seawater  and  marine  species  sampling  was 
open  ocean  that  receives  good  flushing  by  tidal  currents,  the 
occurrence  of  phototrophic  sulphur  bacteria  in  the  macro  species 
and/or  the  oxygenated  is  conceivably  clear.  This  is  contrary 
to  theg  likelihood  envisaged  by  many  workers,  notably  Truper'^'*', 
Imhoff°  and  Madigan'*^  that  open  sea  locations  are  generally  devoid 
of  anaerobic  sulphur  bacteria.  These  bacteria  have,  however, 
been  stated  to  occur  regularly  in  marine  sediment,  in  association 
with  the  sulphate-reducing  bacteria.  Since  it  is  now  well 
established  that  oxygenated  parts  of  the  ocean  do  contain 
sulphate-reducing  bacteria  (in  a  dormant  state),  it  can  be 
hypothesised  that  the  anaerobic,  phototrophic  sulphur  bacteria 
would  also  be  present  in  such  waters. 

Much  of  the  variable  effects  of  light  in  regard  to  sulphur 
chemistry  and  corrosion  are  by  reactions  inherent  of 
photosynthetic  sulphur  bacteria.  As  a  matter  of  fact,  profound 
differences  in  sulphur  speciation  become  obvious  only  after  about 
5-7  days  of  putrefaction,  when  these  bacteria  started  to  flourish 
in  the  L/D  cells  occurred  as  the  preliminary  step  followed  by 
intense  sulphate  reduction.  Hydrogen 

sulphide  in  the  putrid  seawater  can  be  liberated  from  decaying 
protein  as  well  as  through  bacterial  sulphate  reduction.  Biomass 
in  its  .  proteins  contains  on  the  average  1%  bound  (organic) 
sulphur^.  Liberation  by  putrefaction  would  yield  approximately 
lOg  H.S  per  lOOOg  of  biomass.  If.  however,  the  some  amount  of 
biomass  is  channeled  into  bacterial  sulphate  reduction,  according 
to 


2(CH20)  +  S0^^“  - >  2HC03"  +  H2S 

(where  CH2O  is  a  general  average  formula  for  biomass  that  allows 
to  estimate  stoichicxnetrics ) .  it  could  in  principle  yield  570g  H2S 
per  lOOOg  of  biomass.  The  lower  level  of  sulphide  measured  during 
the  earlist  stage  of  putrefaction  probably  implies  an  importance 
for  sulphide  liberation  from  tissues  since  the  sulphate  reduction 
reaction  is  theoretically  not  expected  at  the  stage. 

A  rapid  increase  of  pH  in  the  L/D  cells  is  clearly  an  effect  of 
the  photosynthetic  sulphur  bacteria.  At  pH's  close  to  7.  when  the 
PSB  start  to  bloom,  sulphide  would  occur  as  HS  (50%)  and  H^S 
(50%).  Phototrophs ,  however,  consume  stoichiometrically  tne 
undissociated  species'*’  .  Withdrawal  of  CO2  and  H2S  will  lead  to 
hydroxyl  ions  and  hence  to  an  increase  of  tne  pH. 

The  overall  reaction  catalysed  by  the  photosynthetic  sulphur 
bacteria  can  be  hypothesised  to  occur  as  : 

HCOg"  +  H2S  +  HS~  - >  (CH2O)  +  S  +  20H’ 

(the  formula  in  the  parenthesis  again  means  cell  material).  Data 
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for  sulphide  and  sulphur  (Figure  6)  are  in  excellent  agreement 
with  the  suggested  reaction.  Note  fron  the  same  figure  that  a 
significant  increase  in  sulphate  concentration  has  not  occurred 
during  the  sulphide  oxidation  phase  (L/D  cell)  contrary  to  the 
generalized  ^  implication  which  envisages  sulphate  as  the  ultimate 
end  product^.  In  seawater  environments,  however,  incomplete 
oxidation  of  sulphide  (to  sulphur)  is  more  prevalent  than 
complete  oxidation  as  suggested  by  Pfennig  and  later  con¬ 
firmed  by  van  Gemerden  ^  al . 

The  suggested  reaction  would  also  account  for  the  higher  corrosive 
action  of  putrid  seawater  in  the  L/D  cell.  Sulphur  is  ex¬ 
tremely  ,c  corrosive  to  steel  as  experimentally  demonstrated  by 
Schaschl"*"  .  Since  the  photosynthetic  bacteria  carry  out  such  a 
type  of  reaction  resulting  in  the  yield  of  elemental  sulphur  it  is 
concluded  that  these  organisms  were  responsible  for  the 
accelerated  corrosion  of  steel  in  the  cells  exposed  to  light. 
Research  is  under  way  with  pure  cultures  of  PSB  to  establish  the 
findings  presented  here. 
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Table  1  :  Composition  of  the  steel  (%  weight) 


c 

Mn 

Si 

S  P 

Fe 

0.1 

0.46 

0.074 

0.028  0.07 

remainder 

Table  2 

:  List  of 

macrofoul ing  species 

Species 

Group 

1 .  Hypnea  valentiae 

2.  Gracilaria  corticata 

3.  Sargassum  sp. 

4 .  Padina  pavonica 

5.  Caulerpa  peltata 

6 .  Ulva  lactuca 

7 .  Crassostrea  cucullata 

8 .  Tedanus  anhelans 


j - >  Rhodophyta,  the  red  weeds 

- >  Phaeophyta,  the  brown  weeds 

- >  Chlorophyta,  the  green  weeds 

I - >  Mollusca,  oysters 

I - >  Porifera,  sponges 


3754 


Control  ^  C  poltoto 


Hd 


Hd 


3755 


Fjg.1  :  pH  as  a  function  of  time  In  decaying  cultures  of  macrofoullng 

organisms. 
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Fig.2  :  Rates  of  corrosion  as  a  flmction  of  time  in  decaying  cultures 

of  macrofouling  organisms 
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Pig. 3  :  Corrosion  potential  as  a  function  of  tLrfie  In  decaying  cultures 

of  macrofouling  organisms 


Fig.4  :  Effect  of  light  on  ccnnosion  in  putzid  system 
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Fig.7  :  Absorption  spectrum  for  E.mobflis. 
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Abstract 

Effect  of  biofilms  on  crevice  corrosion  of  stainless  alloys  in  coastal  seawater  has  been 
investigated  for  stainless  alloys  S3 1603,  S3 1703,  and  N08904  using  remote  crevice  assembly 
technique.  It  was  found  that  for  S3 1603  and  S3 1703  bioHlms  only  slightly  decreased 
initiation  times;  for  N08904  biofilms  moderately  decreased  initiation  times.  Biofilms  were 
found  to  greatly  increase  the  crevice  conosion  propagation  rate  for  all  three  alloys  as 
measured  by  maximum  and  average  penetrations,  weight  losses  and  corrosion  current 
densities.  The  decrease  of  initiation  times  was  due  to  ennoblement  of  and  the  increase 
in  propagation  rate  was  caused  by  cathodic  depolarization,  both  due  to  the  action  of 
biofilms. 

Key  words:  biofilm,  crevice  corrosion,  stainless  alloy,  seawater,  current  density,  initiation, 
propagation,  weight  loss 


Introduction 

Biofilms  can  shift  the  open  circuit  potential  (^rr)  stainless  alloys  in  the  noble  direction 
in:  seawater^"®,  brackish  water  and  fresh  water  .  While  much  has  been  published'"*  about 
the  effect  of  this  E„,„  ennoblement  on  pitting,  less  is  known  about  its  effect  on  crevice 
corrosion.  Johnsen  and  Bardal'*  pointed  out  that  Ejon.  ennoblement  should  increase  the 
tendency  for  crevice  corrosion  initiation  as  well  as  for  pitting.  Likewise,  Scotto  et  al* 
suggested  that  an  increase  in  cathodic  reduction  rate  of  oxygen  caused  by  bacteria  should 
increase  localized  corrosion  of  passive  metals  in  natural  seawater.  Dexter  et  al’  showed  that 
bacteria  in  the  crevice  solution  could  contribute  to  the  depletion  of  oxygen,  potentially 
decreasing  crevice  initiation  times. 

Kain  and  Lee'®  studied  the  crevice  corrosion  of  S3 1600  and  N08904  in  natural  and  artificial 
seawaters  using  the  remote  crevice  assembly  technique.  They  found  that  for  S3 1600  the 
initiation  time  in  natural  seawater  was  almost  same  as  that  in  artificial  seawater,  while  the 
total  corrosion  current  in  natural  seawater  was  one  order  of  magnitude  higher  than  that  in 
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artificial  seawater;  for  N08904  the  initiation  time  in  natural  seawater  was  10  %  of  that  in 
artificial  seawater  and  the  total  current  in  natural  seawater  was  two  orders  of  magnitude 
higher  than  that  in  artificial  seawater.  Valen“  also  used  a  remote  crevice  assembly  device 
to  study  the  crevice  corrosion  of  S316Q3  in  natural  and  artificial  seawaters.  He  found  that 
the  current  density  for  S3 1603  in  natural  seawater  was  two  orders  of  magnitude  higher  than 
that  of  S3 1603  in  artificial  seawater  although  the  cathode-to-anode  area  ratio  was  20  times 
larger  in  artificial  seawater  than  in  natural  seawater.  Mollica  et  al^  studied  the  effect  of 
temperature  on  crevice  corrosion  of  stainless  steels  (SS)  in  natural  seawater.  Their  results 
showed  that  as  temperature  increased  from  25  to  40  the  corrosion  for  SS  with 
intermediate  resistance  decreased  one  to  two  orders  of  magnitude,  but  the  corrosion  for  SS 
with  low  resistance  like  S3 1600  remained  unchanged.  They  attributed  the  difference  to  the 
activity  of  biofilms  at  25'’C.  Gallagher  et  al*^  studied  crevice  corrosion  of  stainless  steels  in 
natural,  transported  and  artificial  seawaters  using  a  multiple  crevice  assembly  device.  They 
found  that  crevice  corrosion  of  a  range  of  steels  was  dramatically  less  in  artificial  seawater 
than  in  natural  seawater.  They  attributed  the  difference  to  the  microorganisms  in  natural 
seawater. 

Zhang  and  Dexter‘S  used  traditional  and  remote  crevice  assembly  techniques  to  study 
crevice  corrosion  for  S30400,  S31603,  S31703,  S31803,  and  N08904  in  natural  and  control 
coastal  seawaters.  They  found  that  biofilms  had  little  effect  for  S30400  and  S3 1603  but  had 
considerable  effect  for  S3 1703  and  N08904.  The  control  water  produced  by  0.^m  filtering 
alone  was  effective  in  maintaining  a  biofilm  free  condition  for  only  about  500  hours.  They 
suggested  that  more  effective  control  methods  were  needed. 

There  are  two  purposes  for  this  paper.  The  first  purpose  is  to  present  data  on  the  effect  of 
marine  biofilms  on  crevice  corrosion  of  stainless  alloys  using  a  more  effective  control 
method,  which  combined  pasteurization  of  the  natural  seawater  at  SO^C  for  four  hours  with 
periodic  replacement  of  cathodes.  The  second  purpose  is  to  present  data  on  the  effect  of 
biofilms  on  propagation  of  crevice  corrosion  by  using  coupons  on  which  corrosion  had  been 
pre-initiated  galvanostatically.  S3 1603  (316L)  was  selected  because  of  its  low  resistance  to 
crevice  corrosion  in  seawater.  S3 1703  (317LM)  and  N08904  (904L)  were  used  as  examples 
of  newer  alloys  with  intermediate  resistance  to  crevice  corrosion  in  seawater,  and  N08367 
(AL  6XN)  with  6  %  Mo  was  used  as  a  more  crevice  resistant  control  for  comparison.  Tests 
were  done  in  natural  coastal  seawater  and  in  the  control  water  prepared  as  above  to  kill 
most  microorganisms  without  altering  the  water  chemistiy. 

Experimental 

The  compositions  of  the  alloys  are  shown  in  Table  1.  The  annular  electrodes  (31.7  nun  OD, 
9.6  mm  ID,  3  mm  thickness)  used  as  anodes  were  purchased  from  Metal  Samples  Co.,  Inc., 
Munford,  AL.  The  large  panels  of  the  same  alloys  (152  x  101  x  2  mm)  used  as  cathodes 
were  donated  by  Allegheny  Ludlum  Steel  Corp.,  Brackenridge,  PA.  All  samples  were 
prepared  before  testing  by  surface  grinding  through  320  grit  silicon  carbide  paper,  de¬ 
greasing  with  soap  and  water,  and  rinsing  in  distilled  water. 

Coastal  seawater  was  obtained  at  the  tidal  part  of  the  Broadkill  River  where  it  enters  the 
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lower  Delaware  Bay.  This  water  had  the  following  characteristics:  temperature,  22  to  26*^; 
salinity,  25  to  31  parts  per  thousand  (ppt);  OJ^gen,  air  saturated  (5  to  8  ppm);  and  pH  7.7 
to  8.1;  all  varying  daily  with  tidal  cycle  and  fresh  water  run-off.  The  water  was  brought  to 
the  lab  where  the  tests  were  done  in  a  34  liter  polypropylene  tray  at  21  to  23°C.  The  water 
was  continuously  refreshed  by  a  gravity  feed  and  overflow  system  at  a  rate  to  replace  the 
entire  volume  once  a  day. 

To  separate  the  effect  of  microorganisms  from  that  of  water  chemistry,  a  control  water  with 
much  reduced  numbers  of  microorganisms  was  needed.  The  control  water  was  produced 
using  a  four  hour  pasteurization  of  the  natural  water.  Due  to  the  large  volume  (34  liters) 
of  water  needed  for  these  tests,  more  stringent  preparation  of  the  water  was  not  practical. 
The  control  'ater  was  first  stored  in  autoclave  sterilized  bottles,  and  then  fed  into  a  covered 
34  liter  polypropylene  tray  in  which  the  control  experiments  were  done.  The  control  water 
was  changed  every  three  days  using  a  gravity  feed  and  overflow  system. 

Remote  crevice  assembly  technique  was  used.  Each  annular  shaped  anode  with  a  spot 
welded  nickel  wire  was  mounted  in  an  epoxy  resin  mold  as  shown  in  Figure  1.  Delrin 
washers  were  prepared  as  shown  in  Figure  1.  The  anode-washer  assembly  was  fastened 
together  using  a  titanium  fastener  insulated  with  heat  shrink  tubing  and  tightening  to  an 
initial  torque  of  7.3  Nm.  The  assembly  was  re-tightened  after  two  days  and  before  the 
actual  experiment  began.  The  spot  welded  wire  was  used  both  to  secure  the  assembly  to 
a  wooden  rack  and  to  provide  the  connection  between  anodes  and  cathodes.  The  first  104 
mm  of  cathodes  were  immersed  in  the  test  solution.  Two  nickel  wires  spot  welded  to  the 
top  of  each  cathode  panel  had  the  same  functions  described  above.  The  cathode-to-anode 
area  ratio  was  30:1. 

In  control  tests  the  cathodes  and  anodes  were  exposed  in  control  water  prepared  as  above. 
The  cathodes  were  replaced  when  control  water  was  changed.  The  removed  cathodes  were 
immersed  in  60PC  fresh  water  for  at  least  an  hour,  then  naturally  air-dried  for  future  use. 
Three  samples  for  each  material  (one  for  N08367)  were  used  both  in  control  and  natural 
seawaters. 

Two  sets  of  experiments  were  performed.  The  first  set  was  to  study  the  effect  of  biofilms 
on  initiation  and  propagation  of  crevice  corrosion,  while  the  second  set  was  to  investigate 
the  effect  of  biofilms  on  propagation  of  crevice  corrosion  using  pre-initiated  anodes  and  pre¬ 
ennobled  cathodes.  The  corrosion  of  the  anodes  in  the  second  set  was  galvanostatically 
initiated  at  40  mA  for  30  minutes;  under  those  conditions  there  was  little  sample  to  sample 
variation.  The  cathodes  were  immersed  in  natural  coastal  seawater  for  about  three  weeks 
until  the  potentials  were  near  +400  mV  SCE. 

Open  circuit  potentials  were  measured  vs.  SCE  using  a  digital  voltage  meter.  The  currents 
between  the  cathode  and  anode  members  were  assessed  using  a  zero-resistance  ammeter 
(model  AM  1000)  made  by  Thurston/Bell  Associates,  Inc.  The  initiation  time  for  each 
sample  was  taken  as  the  time  when  the  corrosion  current  increased  suddenly  and  remained 
above  zero. 
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Cathodic  polarization  experiments  for  cathodes  at  the  end  of  the  immersion  tests  were 
computer  controlled  through  an  EG&G  PARC  273A  potentiostat  with  PARC  352  software. 
The  potential  was  scanned  from  100  mV  positive  to  to  -1000  mV  SCE  with  a  0.15 
mV/sec  rate. 

The  depth  of  attack  was  measured  for  each  sample  after  the  experiment  using  a  needle 
point  dial  gauge.  Both  maximum  and  average  depths  of  attack  were  recorded.  The  average 
depth  was  obtained  from  10  to  34  measurements  for  a  given  sample  depending  on  the  extent 
of  attack.  The  percentage  of  corroded  area  under  washer  (PCA)  for  each  anode  was  also 
measured.  Weight  losses  for  the  anode  members  were  determined  by  subtracting  the  final 
weight  to  the  nearest  0.01  g  from  the  original  weight.  Corroded  anodes  were  cleaned  by 
soap  and  brush,  rinsed  in  distilled  water,  and  air-dried  before  weight  measurement 

The  biofllm  thickness  was  measured  using  a  stereo  microscope  to  focus  sequentially  on  the 
biofilm  surface  and  the  bare  metal  surface  with  a  precision  of  ±3/xm.  The  biofilm  was  then 
foced  with  4%  glutaraldehyde  and  stained  with  O.lmg/ml  4’,6^iamidino-2-phenylmdoie 
(DAPI).  The  apparent  bacterial  concentration  in  the  surface  layers  of  the  film  was 
determined  using  epifluorescence  microscopy. 

Results 

Effect  of  Biofilms  on  Initiation  of  Crevice  Corrosion. 

Table  2  gives  initiation  times  under  natural  initiation  conditions.  For  S316Q3  and  S31703, 
the  initiation  times  for  the  natural  samples  were  almost  the  same  as  those  for  the  control 
samples.  Natural  sample  No.2  of  N08904  did  not  corrode  at  all  during  the  test  period.  The 
initiation  times  for  natural  samples  No.l  and  3  were  less  than  40%  of  those  for  the  control 
samples. 

Effect  of  Biofilms  on  Propagation  of  Crevice  Corrosion. 

Table  3  gives  weight  losses,  PCA  and  maximum  and  average  depths  of  attack  for  the  anodes 
under  natural  initiation  conditions.  In  general,  crevice  propagation  was  much  faster  in 
natural  seawater  than  in  control  water.  Weight  losses  of  all  samples  in  natural  seawater 
were  one  to  two  orders  of  magnitude  more  than  those  of  the  samples  in  control  seawater. 
For  S31603  and  S31703,  PCAs  of  samples  in  natural  seawater  were  generally  much  larger 
than  those  of  samples  in  control  seawater.  PCAs  for  natural  samples  No.l  and  No3  of 
N08904  were  80%,  while  PCAs  for  control  samples  No.2  and  No3  of  N08904  were 
unmeasurable.  For  all  alloys  maximum  and  average  depths  of  attack  in  natural  seawater 
were  one  to  two  orders  of  magnitude  larger  than  those  in  control  seawater. 

Table  4  gives  weight  losses,  PCA  and  maximum  and  average  depths  of  penetration  for  the 
pre-initiated  anodes.  Weight  losses  of  all  natural  samples  were  one  to  two  orders  of 
magnitude  more  than  those  of  the  control  samples.  For  all  alloys  PCAs  of  samples  in 
natural  seawater  were  generally  much  larger  than  those  of  samples  in  control  seawater  and 
maximum  and  average  depths  of  attack  in  natural  seawater  were  one  to  two  orders  of 
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magnitude  larger  than  those  in  control  seawater.  Results  show  the  same  general  trend  as 
the  data  in  Table  3  except  that  the  effect  of  biofilms  was  more  noticeable  here. 

Figures  2  through  4  show  measured  corrosion  current  densities  under  natural  initiation 
conditions.  Due  to  the  logarithmic  scale  no  data  is  shown  until  the  initiation  of  crevice 
corrosion.  Figures  2  and  3  show  that  the  current  densities  of  three  samples  of  S3 1603  and 
S3 1703  in  natural  seawater  were  at  least  one  order  of  magnitude  higher  than  those  of  the 
same  alloy  in  control  water.  The  current  densities  for  N08904  in  natural  seawater  (Figure 
4)  were  nearly  three  orders  of  magnitude  higher  than  those  of  the  control  sample.  Ingure 
5  shows  a  typical  vs.  time  record  for  S31703  under  nahiral  initiation  conditions. 
of  the  natural  sample  first  reached  100  mV  SCE,  then  decreased  to  -100  mV  SCE  or  below 
after  initiation.  The  control  process  of  changing  water  and  cathodes  caused  the  fluctuation 
in  E^orr  of  the  control  sample. 

Figures  6  through  8  show  measured  corrosion  current  densities  for  S3 1603,  S3 1703  and 
N08904  in  the  pre-initiated  experiments.  The  current  densities  for  S3 1603,  S3 1603,  and 
N08904  in  namral  seawater  were  two ,  two  and  a  half,  and  three  orders  of  magnitude  larger 
respectively  than  those  in  control  seawater.  The  current  densities  for  control  samples  here 
were  smaller  than  those  for  the  control  samples  in  Figures  2  to  4.  Figure  9  shows  typical 
potential  vs.  time  records  for  S3 1703  in  the  pre-initiated  experiments.  After  the  natur^  and 
control  samples  began  to  corrode,  the  E^o^  stayed  around  -50  and  -200  mV  SCE 
respectively. 

Figure  10  shows  cathodic  polarization  curves  for  the  cathodes  of  S3 1703  at  the  end  of  the 
pre-initiated  experiments.  At  any  given  potential  above  -600  mV  SCE  current  densities  for 
the  natural  cathodes  were  higher  than  those  for  the  control  cathodes. 

Biofllm  Analysis 

The  biofilm  thicknesses  for  all  cathode  panels  were  45  ±  25  //m.  The  bioHlm  thickness  was 
difficult  to  measure  on  the  control  panels.  The  filtration  procedure  for  producing  the 
control  water  removed  most  of  the  suspended  particles  as  well  as  the  bacteria.  Therefore 
the  film  that  might  form  in  the  control  water  was  transparent,  making  it  difficult  to  focus 
on  the  top  surface.  The  biofilms  on  the  control  samples  were  much  thinner  (less  than 
IQum)  than  those  on  the  natural  samples. 

The  surface  bacterial  concentrations  for  natural  and  control  N08367  samples  were 
2.1xl0^cm'^  and  l,4xl0*cm'^  respectively  in  the  naturally  initiated  experiments;  the  bacterial 
concentrations  for  natural  and  control  N08367  samples  were  l.lxlO^cm'^  and  2.5xl0*cm*^ 
respectively  in  the  pre-initiated  experiments. 

Discussion 

From  the  data  in  Table  2  for  S3 1603  and  S3 1703,  the  initiation  times  for  the  natural  samples 
were  almost  same  as  those  for  the  control  samples.  For  N08904  the  initiation  times  for  the 
natural  samples  were  much  shorter  than  those  for  the  control  samples.  At  the  time  of 
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initiation  the  current  densities  for  the  natural  samples  were  at  least  one  order  of  magnitude 
higher  than  those  for  the  control  samples.  This  is  consistent  with  the  results  of  Zhang  and 
Dexter*^.  The  S3 1603  data  of  Kain  and  Lee*°  and  Valen*^  gave  the  similar  kind  of 
conclusion,  whereas  the  N08904  data  of  Kain  and  Lee^°  showed  that  the  initiation  time  in 
natural  seawater  was  only  10%  of  that  in  artificial  seawater  compared  to  40%  shown  here. 

From  the  data  in  Tables  3  and  4,  and  Figures  2  and  6,  the  propagation  of  corrosion  for 
S3 1603  natural  samples  was  one  to  two  orders  of  magnitude  faster  than  that  for  the  control 
samples.  In  Figure  2  the  fluctuation  in  current  density  for  the  control  sample  was  magnified 
due  to  the  use  of  log  scale.  Valen''  showed  that  the  current  density  of  the  S31603  san^>les 
in  natural  seawater  was  more  than  two  orders  of  magnitude  higher  than  that  of  the  samples 
in  artificial  seawater  even  though  the  cathode/anode  ratio  in  artificial  seawater  was  20  times 
larger  than  that  in  natural  seawater.  Gallagher  et  al*^  found  that  there  was  almost  no 
crevice  corrosion  for  S3 1603  in  artificial  seawater.  In  this  work  the  corrosion  depths  for  the 
control  samples  were  very  sallow,  whereas  PCAs  for  the  control  samples  were  quite  large 
and  in  one  case  it  was  65%.  i^parently  artificial  seawater  is  less  corrosive  than  the 
pasteurized  control  seawater  used  in  this  work.  The  reason  for  this  difference  is  unknown, 
but  was  probably  related  to  the  fact  that  the  chemistry  of  the  control  water  used  here  was 
different  from  that  of  artificial  seawater.  Organic  chemicals  in  the  control  water  here  were 
more  than  those  in  artificial  seawater.  The  ^1603  control  samples  here  had  less  corrosion 
than  those  reported  in  the  previous  paper  of  Zhang  and  Dexter’^.  The  difference  seems  due 
to  that  the  control  method  used  here  was  more  effective. 

From  the  data  in  Table:^  3  and  4,  Figures  3  and  4  and  Figures  7  and  8,  the  corrosion  rates 
for  S31603  and  N08904  in  natural  seawater  were  one  to  two  and  a  half  and  two  to  three 
orders  of  magnitude  higher  than  that  in  control  seawater  respectively.  It  is  very  hard  to 
compare  the  data  of  N08904  with  those  from  Gallagher  et  al”  because  they  did  not  give 
specific  values  for  PCA  and  depths;  but  it  seems  that  the  results  for  N08^  here  were 
consistent  with  their  results.  The  results  here  also  agree  with  those  of  Kain  and  Lee^**  and 
Zhang  and  Dexter*^. 

According  to  the  mixed  potential  theory,  anodic  currents  must  be  equal  to  corresponding 
cathode  currents  under  open  circuit  conditions.  The  steady  potentials  for  the  natural  and 
control  samples  were  -50  and  -200  mV  SCE  respectively  (see  Figure  9).  At  these  two 
potentials,  the  current  densities  of  the  natural  and  control  cathodes  for  831703  in  Figure  10 
were  1.77  x  Iff^  A/m^  and  2.1  x  10^  A/m^  respectively.  Due  to  the  30:1  cathode/anode 
ratio,  1.77  x  lO"^  A/m^  for  the  natural  cathode  corresponded  to  0.53  A/m^  for  the  natural 
anode;  2.1  x  10^  A/m^  for  the  control  cathode  was  equal  to  63  x  10*^  A/m^  for  the  control 
anode.  The  current  densities  for  the  natural  anodes  in  Figure  7  were  about  03  A/m^  which 
was  in  excellent  agreement  with  0.53  A/m^  calculated  above.  The  current  densities  for  the 
control  anodes  in  Figure  7  were  about  0.003  A/m^  which  was  of  the  same  order  of 
magnitude  as  0.0063  A/m^  estimated  above.  Therefore,  the  calculated  current  densities  for 
the  anodes  from  cathodic  polarization  curves  were  in  excellent  agreement  with  those 
measured  using  the  zero-resistance  ammeter. 

Theoretically,  the  higher  is  the  higher  the  probability  of  crevice  corrosion  and  the 
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shorter  the  initiation  time  should  be.  The  ennoblement  of  biofilms,  therefore, 

should  reduce  the  initiation  times  of  crevice  corrosion,  which  was  generally  true  in  the 
present  experiments.  For  S3 1603  and  S3 1703  with  low  crevice  corrosion  resistance,  even 
without  ennoblement,  crevice  corrosion  initiated  readily.  The  biofilms  in  our 
experiment  slightly  decreased  the  average  initiation  time  for  S3 1603  and  S3 1703  fi’om  2SS 
to  223  hours.  For  N08904  with  medium  crevice  corrosion  resistance,  it  should  again  take 
longer  for  samples  to  corrode  without  the  effect  of  biofilms.  The  initiation  times  for  N08904 
in  Table  2  showed  a  mixed  result.  For  the  two  natural  and  two  control  samples  that  showed 
initiation,  biofilms  decreased  the  average  initiation  time  from  1377  to  425  hours.  A  larger 
set  of  samples,  however,  would  be  needed  to  give  a  more  definitive  result 

In  contrast  to  the  case  of  initiation,  biofilms  increased  the  current  density  during  crevice 
corrosion  by  at  least  one  order  of  magnitude  for  S316Q3,  S31703  and  N08904  in  this  work. 
This  resulted  in  large  difference  in  weight  loss  as  well  as  in  maximum  and  average  depths 
of  penetration  for  all  three  alloys  tested  as  shown  in  Tables  3  and  4.  The  increase  in 
propagation  was  caused  by  depolarization  of  cathodic  reaction  as  shown  in  Figure  10  and 
in  agreement  with  the  data  published  by  other  authors^''^  ’^. 

The  control  water  combined  with  replacing  cathodes  in  this  work  provided  effective  control 
condition.  This  method  was  much  more  suo^ssful  than  that  using  0.^m  filtration^\ 

Conclusions 

1.  Marine  biofilms  slightly  decreased  the  average  initiation  times  of  crevice  corrosion  for 
S3 1603  and  S3 1703.  The  decrease  of  the  initiation  times  by  the  biofilms  was  due  to  the 
ennoblement  of  E^^^ 

2.  The  biofilms  increased  the  propagation  rate  of  crevice  corrosion  on  S31603,  S31703,  and 
N08904  by  one  to  three  orders  of  magnitude.  The  increase  of  the  propagation  rate  was 
caused  by  the  cathodic  depolarization  by  the  biofilms. 

3.  The  method  that  combined  4  hour  pasteurization  of  seawater  and  replacing  cathodes 
provided  a  very  effective  control. 
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TABLE  1. 

CHEMICAL  COMPOSITION  OF  STAINLESS  ALLOYS 

(%  by  Weight) 


UNS 

Cr 

N1 

NO 

CU 

C 

Si 

Mn 

S  P 

N 

Co 

S31603 

16.23 

10.11 

2.10 

0.36 

0.022 

0.43 

1.84 

0.001  0.034 

.04 

.22 

S31703 

18.29 

16.27 

4.36 

0.17 

0.024 

0.48 

1.66 

0.025  0.020 

.09 

.31 

N08904 

19.00 

24.30 

4.28 

1.38 

0.012 

0.36 

1.59 

0.0003  .019 

.06 

.29 

N08367 

20.28 

23.82 

6.22 

0.30 

0.018 

0.49 

0.36 

0.0004  .022 

.23 

NA 

NA:  Not  Avail2U3le 


TABLE! 

Effect  of  Biofilms  on  Initiation  Hmes 


CAnODB/AMOOe  •  30 

INITIAL  TOBQUe 

7.3  Nb 

TEST  ALLOTS 

S31Ma 

1 

B 

H 

811203 

1 

B9 

Si 

INITIATION 

TIME 

(Noura) 

m 

lU 

ISS 

2U 

240 

244 

242 

131 

>1842 

... 

Coacrel 

182 

*20 

112 

282 

2N 

182 

■4* 

1311 

Q 

*  Dec«  not  «vali«bl« 


TABLE! 

Propagation  of  Crevice  Corrosion  in  Naturally  Initiated  Tests 


TEST 

ALLOTS 

■Mm.  riirvirK  ASSOOLT  CAnOM/AINBi  •  30  MITIAL  TOtOOE  -  2.1  8B 

» 

W4C4TI0II _ FOlWTOg  _ 

■Pm 

_ 204*  <21 _ _ 

■g 

013^1 

Nateral 

Control 

■Will 

CMKr.1 

CMtrel 

1.11 

fl.ne 

SO 

55 

mRi 

mm 

0.39 

■9 

S3I603*2 

1.14 

<0.01 

80 

<1 

1.22 

<0.01 

0.47 

<0.01 

1.04 

0.00 

90 

55 

O.NI 

0.14 

BBBI 

0.04 

0.97 

0.03 

00 

40 
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Figure  1.  Configurations  of  the  anode 
and  crevice-foraing  washer 
in  remote  crevice  assembly. 


Figure  2.  Current  density  vs.  time 
for  S31603  in  natxirally  initiated 
tests . 


TIME  (Hr.) 

Figure  3.  Current  density  vs.  time 
for  31703  In  naturally  Initiated 
tests. 


Figure  5.  vs.  time  for  S31703 

In  naturally  Initiated  tests. 


Figure  7.  Current  density  vs.  time 
for  pre-lnltlated  coupons  of  31703. 


TIME  (Hr.) 

Figure  4.  Current  density  vs.  time 
for  N08904  In  naturally  Initiated 
tests. 


Figure  6.  Current  density  vs.  time 
for  pre-lnltlated  coupons  of  S31603. 


Figure  8.  Current  density  vs.  time 
for  pre-lnltlated  coupons  of  N08904. 
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Flgur*  9.  Corrosion  potoncisl  vs. 
tins  for  pro— initiated  coupons  of 
S31703, 


Log(i) 


Figure  10.  Cathodic  polarization  curves 
for  the  cathodes  of  31703  at  die  end  of 
die  pre-lnltlated  testa. 
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Abstract 

The  purpose  of  this  u»ork  was  to  determine  whether  any  interation  existed 
among  the  fungal  biomass  of  Hormoconis  res: nae  and  the  metal  ions  present  in 
the  environment.  That  could  help  to  clarify  its  relative  rol  in  the 
mechanism  of  acceleration  of  the  microbial ly  influenced  corrosion  (MIC)  of 
A1  alloys  observed  under  their  fungal  mata.  This  problem  is  generally 
observed  in  military  aviation  due  to  the  longer  land  periods  at  room 
temperature  than  in  the  commercial  aircrafts,  thus  providing  more  propriate 
conditions  for  growth. 

Keywords:  MIC,  fungal  biofilm,  metal  uptaKe,  aluminum  alloys. 


Introduccion 

The  increasing  interest  devoted  to  the  study  of  biofilms  present  in 
different  industrial  systems,  suggests  the  importance  of  the  analysis  of 
their  effect  on  metallic  corrosion.  The  accumulation  of  microbial  biomass 
generally  causes  problems  related  to  the  decrease  in  the  performance  and 
life  time  of  equipment  '  . 

Biofilms  also  produce  potential  benefits  in  natural  and  industrial  media  in 
removing  or  degrading  toxic  contaminants,  in  fermentation  processes  and  in 
other  biotechnological  applications  '  . 

The  uneven  affinity  determined  for  the  fungus  Hormoconis  res i nae  on 
different  metal  ions  suggested  the  interest  of  analysing  the  influence  of 
its  fungal  biomass  on  the  localized  attacks  observed  on  aluminum  alloys. 
This  behaviour  of  the  mycelium  of  the  fungus  is  very  similar  to  that  shown 
by  the  polymeric  extracellular  material  produced  by  various  bacteria  and  by 
the  cell  walls  of  other  fugi,  in  the  presence  of  heavy  metals,  and  could  be 
used  by  living  organisms  to  decrease  the  toxicity  of  a  given  environment  . 

According  to  our  previous  electrochemical  results  '  '  the  aqueous  media  of 
the  cultures  become  modified  by  metabolic  activity  of  the  fungus,  favouring 
pitting  nucleation  on  A1  alloys.  Once  this  attack  is  initiated,  the  groMith 
of  a  biomass  able  to  produce  specific  metal  ions  uptake  would  shift  the 
reaction  equilibrium  in  the  sense  of  simulating  its  selective  dissolution. 
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The  results  would  be  the  exposition  of  fresh  areas  of  the  alloy,  instead  of 
its  repassivation  produced  in  the  same  mediu/n  in  the  absence  of  fungal 
proliferation  and  biomass  formation. 

Furthermore,  the  sensing  ability  of  some  microbes  would  explain  why  certain 
alloys  that  undergo  MIC  in  the  presence  of  a  given  microbial  culture 
stimulate  their  growth  while  non  affected  alloys  stop  itVlhe  polygonal  way 
followed  by  hyphae  of  Hormoconis  resinae  c  -uang  on  A1  alloys,  connecting 
second  phases  distant  50  ^m,  suggests  a  long  distance  chemotropic  effect? 

The  selective  attack  on  those  phases  and  the  high  uptake  observed  for  the 
metals  conforming  them  seems  to  indicate  that  the  MIC  could  be  dependent  of 
a  biological  driving  force.  This  sensing  ability  seems  to  be  similar  to 
cases  mentioned  in  the  literature,  where  certain  bacteria  complex  toxic 
metals  disolved  in  the  environment  they  colonize,  or  use  them  as 
oligoelements  necessary  to  their^  metabol ism,  through  the  production  of 
polymeric  extracellular  material*. 

Experimental 

An  inoculum  of  suspended  spor|S  was  prepares  from  the  biomass  grown  by 
inoculation  of  a  6ushnell-Hass**nutrient  solution,  without  FeCls,  diluted  to 
1:10  with  distilled  water  and  Jet  A  1  kerosene.  The  spore  concentration  was 
2.5.10”  viable  spores  per  ml. 

Batch  cultures  of  the  diluted  mineral  medium  additioned  with  32  mg  of  Na^, 
Mn  ,  Mg  ,  Cu  ,  Zn  ,  Fe  and  A1  were  sterilized  by  autoclaving. 

Batteries  of  5  erlenmeyer  flasks,  of  125  ml,  containing  25  ml  of  each 
mineral  media  were  inoculated  with  1  ml  of  the  spores  suspension. 

Three  flask  of  each  set,  not  seeded  with  the  fungus,  were  the  blank  for  the 
microbial  growth.  Another  set  of  5  flasks  with  25  ml  of  the  nutrient 
solution  was  used  as  control  in  the  absence  of  the  metal  ions.  All  the 
flasks  were  then  additioned  with  10  ml  of  Jet  A  1  kerosene,  previously 
sterilized  by  filtration  through  millipore  membrane  of  0.45  pore  size. 
Incubation  at  30'C  was  followed  by  visual  observations  to  determine  the 
amount  of  growth  at  different  times.  The  pH  of  the  aqueous  phases  was 
determined  with  Merck  sticks,  only  when  appreciable  changes  were  observed. 

After  the  stationary  phase  was  attained  in  all  media,  the  mycelia  were 
separated  by  filtation  through  paper  Whatman  N«  42,  washed  with  distilled 
water  and  dried  at  65 up  to  constant  weight. 

Analysis  of  the  metal  uptake  by  the  biofilms  and  of  the  remaining  ions  in 
the  respective  nutrient  media  were  performed  by  spectrometry  of  atomic 
absorption. 

Four  A1  alloys  (Table  I)  inoculated  with  droplets  of  the  spores  suspension 
in  distilled  water  were  used  to  verify  previous  results,  concerning 
chemotropism  of  Hormoconis  resinae  .  The  metal  samples  were  polished  up  to 
0.25  fjn  diamond  paste.  Jet  A1  was  used  as  carbon  source,  the  incubation 
temperature  was  30‘'C  and  test  duration  4  days. 

SEM  Philips  515  coupled  to  an  EDAX  9100  was  applied  on  the  biological 
sludges  grown,  after  critical  point  drying  and  metalizing  with  Au. 
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Results 


The  amount  of  fungal  growth  observed  was  summarized  in  Table  II. 

The  low  amount  of  growth  produced  great  relative  errors  in  the  weigth 
determinations  of  the  biomass  formed.  The  respective  uptake,  included  in 
Table  II,  were  also  low  giving  not  quantitative  figures. 

SEM-EDAX  determinations  were  used  as  complementary  techniques  to  establish 
differences  in  the  morphology  and  uptake  ability  of  the  micelya  grown  in  the 
presence  of  the  distinct  cations. 

The  SEM  aspect  of  the  mycelia  was  different  for  the  distinct  aqueous  media 
and  for  the  surfaces  in  contact  with  the  aqueous  and  kerosene  phases. 
Typical  micrographs  are  shown  in  Fig.  1.  EDAX  on  the  areas  that  were  in 
contact  with  the  aqueous  phases,  gave  evidence  of  the  metal  fixation  by  the 
biomass.  Uptake  was  only  observed  for  ions  with  charge  +2  and  -^3  while  Na^ 
was  not  detected.  This  results  are  in  good  agreement  with  those  determined 
by  atonic  absorption.  The  drop  test  on  metal  surfaces  during  4  days  gave 
paterns  of  the  initial  steps  in  growth  as  those  shown  in  Fig.  2. 

At  the  very  initial  stage  of  mycelium  formation  the  hyphal  trace  and 
branching  on  the  surface  can  be  followed  by  SEM-EDAX  providing  good 
correlation  between  corrosion  and  growth.  It  is  clear  from  Figs.  2  a)  and  b) 
that  corrosion  is  locallized  in  the  contact  areas  with  hyphae  producing 
corrosion  products  that  mask  them.  This  effect  is  evident  in  Fig.  2  b)  where 
in  various  points  there  are  fungal  hyphae  emerging  from  the  corroded  surface 
of  the  alloy.  EDAX  on  the  mycelium  shown  in  Fig.  2  a)  reveals  other 
components  from  the  fungus  espureous  to  the  alloy.  EDAX  on  second  phases  of 
those  Figs,  show  appreciable  amounts  of  different  elements  which  could 
promote  a  chemotropic  response  during  hyphal  growth. 

In  Fig.  2c  the  effect  of  the  aqueous  medium  in  the  drop  test  where  the 
mycelium  is  growing  evidences  the  great  contrast  in  aggressiveness  with 
respect  to  the  direct  contact  with  hyphae.  In  this  micrograph  only  an 
homogeneous  selective  dissolution  of  the  second  phases  can  be  noticed  on  the 
alloy  while  in  Fig.  2  a)  and  b)  only  few  of  these  phases  remained  out  of 
the  way  of  the  hyphae. 


Discussion 

EDAX  determinations  on  the  metals  with  the  initial  fungal  growth  showed  the 
presence  of  second  phases  components  in  small  regions  where  individual 
hyphae  changed  in  direction  or  converged.  That  suggested  a  chemotropic 
effect  of  the  metal  surface  on  the  hyphae  development  which  would  be 
associated  to  the  growth  control  by  a  chemosensor. 

From  the  stationary  cultures,  on  the  contrary  the  uptake  observed  could  be 
the  result  of  a  biological  activity  of  the  fungus  or  only  the  chemical 
effect  of  the  polymer  conforming  the  mycelium.  In  fact  the  main  component  of 
the  hyphal  walls,  kitine,  has  the  ability  to  fix  ions  specially  those  with 
high  charge.  This  behaviour  would  not  be  a  consequence  of  a  biological 
function  of  the  fungus  but  only  the  result  of  an  ion  exchange  reaction  on 
the  hyphal  walls  surface.  This  was  verified  through  the  measurement  of  metal 
ions  uptake  by  the  mycelium  of  the  fungus  Rhizopus  arrhizus  performed  on 
living  and  died  cultures^.  Similar  results,  allowed  to  discard  biological 
effects,  as  could  be  nutritional  requeriments  of  ol igoelements  or  chelation 
as  a  detoxification  mechanism  of  the  environment  . 

Furthermore,  the  exopolymers  which  promote  attachment  on  metallic  surfaces 
affect  the  distribution  of  the  metal  ions  at  the  solution-surface  interphase 

19  ^2 

when  corrosion  occurs  .  For  instance  Cu  is  preferently  fixed  with  H 
release  from  an  exopolymer  of  a  "Pseudomonas  like"  bacterium,  which  in  turn 
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favors  copper  dissolution  producing  further  binding  and  acidification. 
Dissolution  would  proceed  until  all  binding  sites  are  saturated  or  the  metal 
surface  is  depleted. 

Mixed  cultures  produce  exopolymers  with  different  affinities  for  a  given 
metal  ion  causing  uneven  distribution  which  determine  anodic  areas  under  de 
biofilm  with  the  strongest  affinity  for  the  ion.  This  condition  will  persist 
up  to  saturation  of  the  binding  sites  in  the  polymer.  Once  saturated  the 
biofilm  could  polarize  the  anodic  reaction  slowering  the  ions  diffusion  to 
the  bulk  solution. 

Among  the  chemical  gradients  analysed  in  connection  with  fungal 
chemotropism,  the  oxygen  positive  effect  and  negative  autotropism  caused  by 
some  of  their  own  metabolites  are  the  most  frequently  reported.  At  the 
begining  of  such  property  study,  characterized  by  a  low  density  population, 
the  negative  autotropic  effect  was  dominant  to  the  oxygen  one,  but 
subsequent  orientation  of  growth  was  determined  by  the  oxygen  concentration 
gradient.  This  extremely  important  tropic  response  provides  ecological 
control  due  to  its  survival  value  .  The  experience  design  could  some  times 
produce  misleading  results  associated  to  the  powerful  effect  of  oxygen,  as 
was  reported  in  the  perforated  plate  and  slide  experiments  of  Stadley^^  for 
determination  of  different  chemotropic  reponses. 

The  hyphal  branching  and  direction  of  hyphal  growth  are  very  important 
mechanisms  in  the  fungal  colonization  of  solid  substrata.  In  young  mycelia 
two  mechanisms  control  the  site  of  germ-tube  emergence  and  negative 
autotropic  reactions  between  germ-tube  hyphae.  Spacing  between  neighboring 
hyphae  depends  of  the  nutrient  availability  and  negative  autotropism  between 
them.  This  last  is  not  observed  at  the  center  of  mature  colonies.  Branching 
is  contolled  by  a  biomass  sensor  in  fungi. ^The  mechanism  proposed  to  explain 
its  rol  suggests  that  vesicles  concerning  the  tips  extension  would  be 
involved  .  The  knowledge  of  the  mechanism  that  regulates  hyphal  branching 
would  clarify  the  effect  of  mycelial  morphology  on  culture  rheology 

iO 

Kropf  et  al  demostrated  that  in  Ach I va  bisexual is  an  inward  moving 
electrical  current  precedes  branching  evidencing  the  sites  of  branch 
formation. 

Since  the  initial  proposal  of  Lund  *^about  the  electrical  nature  of  the 
space  localization  of  growth,  strong  evidence  has  been  obtained  that  many 
cells  produce  extracellular  electrical  currents,  of  definite  polarity, 
related  to  anatomy  and  function*.  The  basic  observations  concerned 
chemotropic  growth  of  the  rhizoid  of  Blastocladiel la  emersoni i  in  gradients 
of  nutrients  (Pi  and  amino  acids)  and  of  proton-conducting  ionosphores.  In 
both  cases  the  rhizoids  grew  up  to  the  gradient  being  quite  unlike  those 
cells  grown  in  DM2  medium  .  Robinson  et  ar  showed  that  gradient  of  a 
calcium  ionophore  polarizes  the  germination  of  certain  fungi  and  the  effect 
of  electrical  fields  on  plant  growth  can  be  explained  in  terms  of  the 
enhancement  of  local  calcium  fluxes.  Harold  et  al”  reported  that  growth  of 
the  rhizoid  of  Blastocladiela  organisms  is  markedly  oriented  by  gradients 
of  proton  conducting  ionophores,  certain  nutrients  and  a  mixture  of  amino 
acids.  This  means  that  the  rhizoid  serves  to  transport  nutrients  to  the 
tallus  and  that  chemotropic  growth  of  the  rhizoid  results  from  modulation  of 
the  proton  current  through  the  growing  cell. 

3 

Even  when  from  the  literature  it  appears  that  only  the  Mastigonycotina 
present  chemotropism,  the  precedent  results  supports  the  hypothesis  of  a 
biological  effect  of  the  solid  substratum  on  the  pattern  followed  by  fungal 
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hyphae  during  the  first  steps  in  grcxnth.  The  presence  of  cheeical 
heterogeneities,  segregated  as  second  phases  on  metals,  originate  uneven 
electrical  potential  distribution  which  could  be  detected  by  specific 
chemosensors. 

The  distances  among  these  phases  are  in  an  order  of  magnitude  of  10  to  SO^m, 
which  could  allow  their  detection  by  the  typical  biological  sensors. 

Poor  nutrient  media  used  facilitates  the  observation  of  the  spatial 
arrangement  of  the  hyphal  growth,  outwards  from  the  inoculum  centre.  The 
reason  for  this  distribution  was  interpreted  as  a  negative  autotropism  Of 
the  branc^^hyphae  to  metabolites  produced  by  the  fungus**.  On  the  contrary, 
Robinson  suggested  a  positive  chemotropism  to  oxygen  which  would  operate, 
from  the  side  of  the  hyphal  tip  to  the  higher  oxygen  concentration,  at  over 
a  much  longer  range  (a  few  milimeters?)  than  the  detection  mechanism  for 
gem-^ube  emergence  under  influence  of  neighbouring  spores  (up  to  around  50 
mb)*  • 

Further  research  work  is  required  to  determine  whether  the  nature  of  the 
mycelium  effect  on  (1IC  of  the  A1  alloys  has  any  biological  component. 

On  the  contrary  a  conclusive  result  is  the  strong  corrosive  effect  of  the 
hyphae  contact  on  the  alloys,  which  was  previously  associated  to  different 
causes:  high  local  acidic  metabolites  concentration  and  differential 

€  H 

aereation  '  .  The  hypothesis  of  another  chemical  effect,  associated  to  the 
interaction  of  the  biopolymer  conforming  the  hyphal  wall  with  metal  ions 
originated  during  corrosion®,  which  would  displace  de  iissolution 
equilibrium  reaction,  also  requires  further  investigation. 
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Tabla  I.  Chaaical  Coaposition  of  tha  Alloys  (w/w  %) 


AI  loy 

Zn 

Cu 

nn 

Si 

«g 

Fa 

Cr 

Ti 

Al 

7005 

4.7 

0.05 

0.45 

0.10 

1.2 

0.18 

0.16 

0.03 

rest 

7075 

5.2 

1.6 

0.09 

0.23 

2.6 

0.24 

0.13 

0.02 

rest 

2024 

0.12 

4.5 

0.53 

0.14 

1.5 

0.29 

— 

0.02 

rest 

1050 

0.01 

0.002 

0.004 

0.10 

o.oor 

0.21 

0.001 

0.022 

rest 

Tablo  II.  Aaount  of  Growth  of  Horaaeonis  rasinaa.  pH  of  tha  Aquaous 
nadia  and  natal  Uptaka  by  tha  nycaliua  for  Diffarant  Incubation  Tiaas. 


Aqueous 

12  Days 

30  Days 

60  Days 

120  Days 

H 

nadia 

Growth 

pH 

Growth 

pH 

Growth 

pH 

Growth 

pH 

uptake 

Nutrient 

|A 

Solutian 

+ 

6.5 

6.0 

♦ 

6.0 

+ 

4.5 

- 

•  +  Na”^ 

♦ 

6.5 

6.5 

5.5 

+ 

5.0 

— 

•  ♦  nn 

+/- 

6.5 

+„ 

6.0 

+* 

6.0 

♦ 

4.5 

+/- 

• 

•  +  Cu  * 

+/- 

6.5 

6.5 

6.5 

6.0 

+♦+ 

5.5 

6.0 

+++ 

4.0 

6.0 

+ 

•  +  Al 

6.5 

6.5 

+♦ 

5.5 

++ 

3.5 

+ 

'  +  Fa"^* 

+/- 

6.5 

** 

6.5 

+++ 

5.5 

+++ 

4.0 

+ 

•  +  Zn"" 

- 

6.5 

+/- 

6.0 

*/- 

6.0 

+ 

4.5 

+ 

*  All  tha  intarphasa  aqueous  solution-kerosene  occupied. 
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Fig.  i.  ^n-EDAX  of  Horaoconis  reainae  ayceliua  foraed  in  the  presence  of 
n  ions. 


a)  Na+ 


(a)  Reproductive  structures 
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Fig.  1  b) 
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Fig.  1  c) 


Fe+3 
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(a)  Reproductive  structures 
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Fig.  2.  SEH-EDAX  of  the  Horeoconis  real nae  eycel ia  foraed  during  4  days  on 
A1  alloys. 

a)  1050  alloy  in  contact  aith  the  ayceliua 


EDAX  on  a  second  phase 


I - 1 - 1 - r 
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Fig.  2  b) 


2024  alloy  with  and  without  mycelium 


X  341  X  500 


EDAX  on  a  second  phase 


I - r  ■  ■  ■  '  -  '  ■  1 - r 


30! 


t  i  ' 


yj.  D."  .  O 
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Abstract 

The  open  circuit  potential  fluctuations  (electrochemical- 
potential  noise)  of  identical  pairs  of  steel  electrodes  in  sea 
water  containing  sulphate-reducing  bacteria  (SRB)  has  been  re¬ 
corded  for  as  long  as  twelve  months.  The  potential/time  plots, 
recorded  at  one  or  two  samples  per  seconds,  were  transformed  into 
frequency-domain  (spectral-density)  curves  using  the  maximum- 
entropy  method  (MEM).  Also  the  root  mean  square  (RMS)  of  the 
noise  levels  were  calculated.  The  RMS  values  of  the  signals, 
which  were  initially  steady  at  around  0.03  mV,  started  to  in¬ 
crease  to  up  to  0.07  mV  after  about  6  months,  thus  indicating  the 
start  of  the  localized  corrosicn  process.  The  spectral-density 
curves  also  indicated  the  existence  of  specific  and  consistent 
patterns  for  the  various  stages  of  the  tests  in  the  high 
frequency  range  (100-1000  mHz)  of  the  spectrum.  The  culture 
medium,  added  periodically  to  support  the  growth  of  the  bacteria, 
suppressed  the  signals,  which  was  due  to  the  corrosion  inhibiting 
effect  of  the  yeast  extract  in  the  culture  medium.  After  each 
feeding,  it  usually  took  three  weeks  before  the  RMS  values 
reached  the  values  prior  to  the  addition  of  the  culture  medium  to 
the  system.  Occasionally,  the  open-circuit  potential  of  the  cell 
rose  to  a  much  higher  levels,  with  corresponding  higher  values  of 
RMS.  This  effect  has  been  related  to  the  bacterial-growth  stage 
and  other  changes  occurring  at  the  metal/solution  interface. 
Despite  the  fact  that  the  corrosion  product  in  this  system,  after 
twelve  months  exposure,  was  a  thick  sludge,  the  0.07  mV  RMS 
values  could  still  be  detected.  This  could  be  due  to  the  dynamic 
action  of  the  bacteria  on  the  corrosion  process.  These  prelimi¬ 
nary  results  indicate  the  potential  of  electrochemical -noise 
analysis  for  the  detection  of  microbiologically-induced  corro¬ 
sion  . 


3786 


Introduction 


Corrosion  of  iron  and  steel  under  anaerobic  conditions  in  the 
presence  of  sulphate-reducing  bacteria  (SRB)  is  well 
documented[ 1 ] .  Based  on  the  electrochemical  theory  of  corrosion, 
de-aerated  soils  of  near-neutral  pH  are  not  expected  to  be  cor¬ 
rosive  to  iron  and  steel.  However,  if  the  soil  contains  SRB  and  a 
source  of  sulphates,  rapid  corrosion  has  been  found  to 
occur[ll.The  aim  of  the  present  study  was  originally  to  explore 
the  possibility  of  differentiating  between  biological  and  non- 
biological  corrosion,  using  electrochemical  technique.  In  fact, 
at  the  present  time,  there  is  no  available  electrochemical  tech¬ 
nique  which  can  accurately  determine  the  location  on  the  steel 
structure  where  SRB  are  actively  causing  corrosion.  Electrochemi¬ 
cal  noise  has  been  discussed  by  some  as  a  promising  technique  for 
the  detection  of  the  bacterial  corrosion[ 2 , 3 ] . 

Electrochemical  noise  is  simply  fluctuations  in  cell  current  and 
electrode  potential  of  an  electrochemical  cell,  and  is  related  to, 
the  changes  that  are  occurring  at  the  metal  solution  inter¬ 
face. The  analysis  of  the  electrochemical  noise  can  provide  infor¬ 
mation  concerning  the  nature  of  the  reactions  that  are  occurring 
at  the  interface! 4 , 5 ] .  Noise  analysis  is  very  well  developed  in 
various  fields  (electronics,  chemistry,  biology  and 
electrochemistry).  In  particular,  it  seems  that  this  method  can 
give  information  which  cannot  be  reached  by  normal  impedance 
measurements.  Therefore,  there  is  an  increasing  interest  to  apply 
electrochemical  noise  analysis  to  corrc  ;ion  science  and 
engineering! 6 , 7 ] . 

In  this  work  the  open  circuit  potential  fluctuations 
(electrochemical  noise)  of  identical  pairs  of  electrodes  in  sea 
water  containing  SRB  has  been  recorded  for  as  long  as  1 2  months. 
In  order  to  correlate  the  changes  in  electrochemical  noise  to 
corrosion  rate  and  corrosion  morphology  and  to  link  the  results 
to  the  influence  of  SRB,  the  following  tests  were  also  performed: 
The  motility  of  SRB’s  were  checked  periodically  by  phase  micros¬ 
copy,  Preweighted  coupons  were  exposed  to  corrosion  cell.  These 
coupons  were  taken  out  of  the  cell  periodically  for  scanning 
electron  microscopy  (SEM)  of  the  biofilm,  SEM  of  the  corroded 
surface.  X-ray  diffraction  of  the  corrosion  products,  and  corro¬ 
sion  rate  determination  using  weight  loss  measurements.  The 
details  of  these  tests  has  been  described  before!8].  In  this  work 
low  frequency  (1  to  1,000  mHz)  potential  noise  of  SRB  influenced 
corrosion  of  steel  are  reported.  These  preliminary  results  indi¬ 
cate  the  possibility  of  detection  of  microbial  corrosion  using 
electrochemical  noise  analysis  exist. 

Experimental  Procedure 

The  steel  samples  were  exposed  to  2  liters  of  sea-water  contain¬ 
ing  the  modified  Postgate  B  culture  medium  to  support  the  growth 
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of  the  bacteria.  The  top  of  the  cell  was  covered  with  about  1  cm 
thick  layer  of  liquid  paraffin  to  prevent  oxygen  diffusion  from 
the  air  into  the  cell.  The  cells  were  initially  contaminated  with 
SRB  strains.  SRB  were  isolated  from  3  separate  oil  and  gas  rigs 
located  in  the  North-w’est  of  Western  Australia.  All  of  these 
strains  were  Desulfovibrio  Salixgi  is.  The  number  of  cells  in  the 
inoculum  was  of  the  order  of  10*  per  ml.  500  ml  of  the  test  solu¬ 
tion  was  replaced  with  fresh  culture  medium  every  30  days.  The 
cells  were  in  duplicate  and  also  a  sterile  cell  of  the  same  com¬ 
position  was  used  for  comparison.  The  details  of  the  anaerobic 
environment  is  according  to  the  recommendations  of  Stott  et  al 
(9)  and  has  been  described  before[8]. 

The  open  circuit  potential  between  two  identical  steel  electrodes 
in  the  cell  was  measured  using  a  high  impedance  voltmeter.  The 
voltmeter  output  was  connected  to  an  IBM-PC  compatible  computer 
and  a  Metrabyte  [10]  DAS-8PGA  analog  to  digital  converter  board 
{12  bit  resolution,  4ms  acquisition  time  and  +/-10  mV  to  +/-10v 
input  ranges).  Time  records  consisted  of  up  to  16200  data  points 
taken  at  sampling  frequencies  in  the  range  1  to  10  Hz.  Time 
records  were  taken  for  about  12  hoiirs  per  day  up  to  12  months. 

The  time  records  were  transformed  to  the  frequency  domain,  to 
give  both  power  density  and  amplitude  spectra,  using  the  maximum 
entropy  method  (MEM)  developed  by  P.tjrg  [11].  The  MEM  technique 
was  preferred  to  the  alternative  Fourier  Transform  Technique  as 
it  inherently  produces  smoother  spectra,  without  apparent  loss  of 
information  [12],  and  is  simpler  to  use  when  the  number  of  data 
points  is  not  a  power  of  2.  All  calculations  have  been  carried 
out  with  double  precision  floating  point  arithmetic,  to  minimize 
rounding  off  errors,  and  the  data  was  corrected  for  linear  drift 
prior  to  calculation  of  Root  Mean  Square  (RMS)  of  noise  levels 
and  transformation  to  the  frequency  domain.  As  the  frequencies 
beyond  the  limits  of  the  experiment  cannot  realistically  be  com¬ 
puted,  the  frequency  domain  was  restricted  to  a  lower  limit  of 
1/t  where  *t’  is  the  length  of  th^*  time  record  in  seconds,  and  an 
upper  limit  of  the  Nyquist  frequency  l/2f,  where  'f’  is  the  sam¬ 
pling  frequency.  Six  coefficients  (poles)  were  used  to  calculate 
the  power  density  and  amplitude  spectra  as  it  was  found  that  a 
greater  number  of  poles  did  not  alter  the  spectra  significantly, 
other  than  producing  less  smooth  results. 

Results  and  discussion 

Fig.l  shows  the  typical  variation  of  the  RMS  values  of  the  open 
circuit  potential  fluctuations  (noise  levels)  just  before  and 
after  6  months  exposure.  For  the  periods  less  than  about  6 
months,  the  RMS  values  were  very  low  and  almost  constant  at  about 
0.03  mi'.  This  corresponds  to  \ery  low  corrosion  actixities  as¬ 
sociated  with  the  passive  state.  From  6  months  and  onwards  and 
usually  3  weeks  after  feeding,  the  RMS  values  started  to  fluc¬ 
tuate  around  0.03  mv ,  and  reached  to  the  maximum  0.07  mv .  A  typi- 
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cal  time  record  at  this  stage  is  also  shown  in  Fig. 2.  The  open 
circuit  potential  is  not  steady  and  changes  with  a  regular  pat¬ 
tern.  This  behavior  is  indicative  of  a  repetitive  passive  break 
down  and  repair  process,  i.e.  a  localized  corrosion  stage.  These 
results  are  in  agreement  with  the  results  obtained  by  Stott  et 
al[9].  Fig. 3  shows  the  typical  spectral  density  curve  for  the 
periods  less  than  and  longer  than  6  months,  indicating  different 
frequency  composition  in  these  two  stages,  especially  in  the  high 
frequency  range  (100-1000  mHz)  of  the  spectra.  Although  this  in¬ 
dicate  different  corrosion  processes  for  periods  less  than  and 
longer  than  6  months,  their  significance  remains  to  be  further 
invest igated . 


From  6  months  and  onwards  the  spectral  density  curves  also  indi¬ 
cated  the  existence  of  a  specific  and  consistent  peak  structure 
in  the  high  frequency  range  of  the  spectra,  fig. 4  and  thus  a 
specific  corrosion  process.  The  notable  exception  to  this  be¬ 
havior  were:  1.  When  there  was  a  dramatic  change  in  the  open  cir¬ 
cuit  potential,  such  as  in  fig. 5,  and, 2.  When  the  time  record 
showed  a  temporary  low  frequency  and  high  amplitude  fluctuations, 
such  as  in  fig. 6.  These  two  instances  obviously  indicate  a 
dramatic  change  occurring  in  the  corroding  interface,  and  thus 
different  peak  structure  in  the  spectra.  The  former  case  has  been 
observed  by  others  [13]  and  has  been  related  to  the  bacterial 
growth,  changes  of  the  local  environment  induced  by  the  metabolic 
activities  of  the  bacteria  and  the  resulting  corrosion  effect  of 
the  metal,  whereas  the  significance  of  the  latter  remains  to  be 
investigated . 


Feeding  the  bacteria,  by  replacing  25%  of  the  total  volume  of  the 
cell  with  fresh  culture  medium,  caused  the  suppression  of  the 
signals  to  the  RMS  values  of  0.03  mv.  It  usually  took  about  3 
weeks  before  the  RMS  values  reached  the  values  prior  to  tlic  addi¬ 
tion  of  the  culture  medium  to  the  system.  This  can  be  related  to 
the  corrosion  inhibiting  effect  of  the  yeast  extract  in  the  cul¬ 
ture  medium  [9].  Thus  when  this  substance  is  consumed,  then  the 
corrosion  activities  and  therefore  the  RMS  values  start  to  in¬ 
crease  again. 


Despite  the  fact  that  the  corrosion  product  in  this  system  was  a 
thick  sludge,  the  0.07  mv  RMS  values  was  steady  after  12  months 


of  exposure.  This  could  be  due  to  the 
teria  on  the  corrosion  process  and 
havior  of  non-biological  systems  where 
the  build-up  of  the  corrosion  products 
results  indicate  the  potential  of 
analysis  to  detect  and  monitor  of  MIC. 


dynamic  effect  of  the  bac- 
is  in  contrast  to  the  be- 
the  RMS  values  decay  after 
[13].  These  preliminary 
the  electrochemical  noise 


Conclusion 


The  analysis  of  the  electrochemical  potential  noise  of  identical 
pair  of  steel  electrodes  in  an  anaerobic  environment  containing 
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SRB  indicated  the  generally  accepted  behavior  of  this  type  of 
corrosion ,  i . e . : 

1.  A  long  incubation  time  in  the  passive  state  before  the  start 
of  the  localized  corrosion  processes. 

2.  Occasional  bacterial  growth  and  dramatic  changes  occurring  in 
the  corroding  interface. 

3.  Suppression  of  corrosion  activities  after  addition  of  the  cul¬ 
ture  medium  to  the  cell,  due  to  the  corrosion  inhibiting  effect 
of  the  yeast  extract  in  the  culture  medium. 

The  analysis  of  the  electrochemical  potential  noise  also 
indicate : 

4.  The  existence  of  a  specific  and  consistent  pattern  for  various 
stages  of  the  tests  in  the  high  frequency  range  of  the  spectral 
density  curves. 

5.  The  existence  of  a  steady  signals  after  long  exposure  time  and 
the  bviild  up  of  a  thick  sludge. 

These  preliminary  results  indicate  that  the  analysis  of  the 
electrochemical  noise  offer  promise  for  the  detection  of 
microbiologically  influenced  corrosion  •. 
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Abstract 

The  [NiFe]  hydrogenase  gene  probe  is  specific  for  sulfate-reducing 
bacteria  (SRB)  of  the  Desulfovibrio  genus.  It  can  be  used  to  identify  the 
presence  of  ceils  of  this  genus  in  samples  obtained  from  oil  field  fluids 
and  biofilms.  The  presence  of  other  SRB  species  in  these  environments  is 
evident  beause  many  SRB  isolated  from  these  oil  fields  did  not  react  with 
the  [NiFe]  hydrogenase  gene  probe.  The  development  of  a  chromosomal 
deoxyribonucleic  acid  (DNA)  hybridization  technique,  reverse  sample 
genome  probing  (RSGP),  permits  rapid  identification  of  different  bacteria 
in  a  sample  with  a  single  probing  step.  The  application  of  this  technique 
to  31  Alberta  oil  field  samples  indicated  that  there  were  at  least  20 
geneticially  distinct  SRB  in  these  samples.  This  diversity  was  verified  by 
analysis  of  367  samples  prepared  from  56  sites  representing  7  different 
oil  field  locations.  Two  distinct  SRB  communities  were  detected  in  these 
samples:  one  from  saline  environments  and  the  other  from  fresh  water 
environments.  The  application  of  these  techniques  to  the  examination  of 
sessile  and  related  planktonic  populations  indicate  that  only  a  few  of  the 
planktonic  SRB  population  dominated  the  sessile  SRB  flora. 

Key  terms:  hydrogenase,  nucleic  acid,  probes,  SRB,  planktonic,  biofilms 
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I.  Introduction 

In  the  oil  industry  the  anaerobic  suifate>reducing  bacteria  (SRB)  have  long 
been  associated  in  the  oil  industry  with  the  corrosion  of  metals  and  the 
souring  of  producing  reservoirs.  The  production  of  H2S  as  a  microbial 
respiratory  product,  and  the  presence  of  an  active  hydrogen  metabolism, 
via  the  enzyme  hydrogenase,  are  the  primary  metabolic  activities  by 
which  these  bacteria  act  in  microbial  influenced  corrosion  and  reservoir 
souring.  SRB  have  been  identified  as  being  very  important  agents  in  the 
turnover  of  organic  matter  in  aquatic  sediments^.  These  relationships 
have  stimulated  research  on  the  classification,  detection  and  nrK>nitoring 
of  SRB  in  industrial  and  environmental  systems. 

Taxonomic  studies  based  on  classical  bacteriological  techniques'*^  and 
16S  rRNA  sequencing  studies^  suggest  that  there  are  at  least  eight 
different  taxonomic  groups  of  SRB.  While  the  Desulfovibrio  genus 
represents  a  phylogenetically  coherent  group  of  SRB  it  shows  a  greater 
diversity  than  is  normally  encountered  in  other  eubacterial  genera^.  Most 
SRB  cannot  use  complex  sources  of  organic  matter  for  growth.  The 
majority  use  low  molecular  compounds,  e.g.  fatty  acids  and  alcohols,  as  a 
source  of  carbon  and  energy,  and  some  can  also  obtain  energy  from  the 
oxidation  of  hydrogen.  The  SRB  can  be  divided  into  two  nutritional  groups: 
those  that  incompletely  oxidize  electron  donors  to  acetate,  and  those  that 
completely  oxidize  electron  donors  to  CO2.  The  acetate-producing 
bacteria  also  grow  faster  than  the  acetate-oxidizing  SRB  and  therefore 
will  become  predominant  under  most  enrichment  conditions. 

It  has  been  hypothesized^*^  that  substrates  which  support  SRB  growth  in 
reservoirs  are  the  products  of  the  incomplete  oxidation  of  organic  matter 
introduced  via  injection  waters  by  other  reservoir  bacteria  (e.g. 
Clostridia)  or  by  the  incomplete  oxidation  of  reservoir  hydrocarbons  (e.g. 
n-alkanes)  by  aerobic  hydrocarbon-degrading  bacteria. 

There  is  no  single  medium  however  which  will  suport  the  growth  of  such  a 
diverse  bacterial  flora  or  even  just  the  variety  of  SRB  which  have  been 
reported  to  be  present  in  environmental  samples.  Therefore  a  variety  of 
media  of  different  compositions  must  be  used  to  grow  and  evaluate 
community  structure  of  bacterial  populations.  In  addition  the  presence  of 
viable  but  non-culturable  cells  are  present  in  natural  environments^ 
demonstrates  the  need  for  techniques  which  can  determine  species 
composition  without  requring  growth  in  the  laboratory.  Considering  the 
diversity  of  SRB  reported  in  ecosystems,  information  about  the  structure 
of  SRB  communities  is  required  if  we  are  to  understand  and  control  the 
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bacterial  activities  in  oil  field  environmental  and  industrial  ecosystems. 
It  is  probable  that  not  all  of  the  SRB  found  in  an  oil  reservoir  are  involved 
in  the  souring  or  corrosion  processes. 

The  traditional  technique  for  detecting  and  monitoring  levels  of  SRB  is  the 
most  probable  numter  (MPN)  method.  This  is  a  statistical  method 
involving  the  serial  dilution  of  samples  in  an  iron-rich  medium  containing 
sulfate  and  lactate  as  the  carbon  source.  Growth  is  indicated  by  the 
development  of  a  black  iron-sulfide  precipitate  and  requires  incubation 
periods  of  up  to  4  weeks  duration.  Studies9>‘IO  comparing  the  rate  of 
sulfate-reduction  and  viable  numbers  of  SRB  as  determined  by  the  MPN 
method  indicate  this  method  grossly  underestimates  the  in  situ  SRB 
population.  This  difference  is  the  result  of  the  presence  of  newly 
discovered  nutritional  types  of  SRB  and  the  difference  in  growth  rates  of 
diverse  physiological  types  of  SRB  which  make  it  impossible  to  design  a 
single  medium  to  support  the  growth  of  all  the  SRB  present. 

Recently  direct  methods  which  do  not  require  bacterial  growth  have  been 
developed  based  on  the  detection  of  cellular  components  characteristic  of 
SRB.  For  example,  such  techniques  rely  on  the  reaction  of  antibodies  with 
cell  surface  components  specific  to  SRB;  the  detection  of  APS  reductase, 
an  enzynw  present  in  all  SRB;  and  a  chemical  test  for  the  activity  of  the 
enzyme  hydrogenase^  'I  which  is  present  in  almost  all  SRB  as  well  as  other 
oil  field  bacteria  (e.g.  Shewanella  spp.).  These  direct  detection  methods 
significantly  reduce  the  time  involved,  requiring  only  a  few  hours  instead 
of  weeks  to  obtain  data  on  SRB  numters.  However  they  do  not  provide 
information  on  the  types  or  diversity  of  SRB  present,  i.e.  community 
structure. 

The  application  of  nucleic  acid  hybridization  techniques  can  supply 
information  on  the  genetic  diversity  of  SRB  as  well  as  monitor  the 
presence,  appearance  or  disappearance  of  a  given  SRB  species  in  an 
environmental  community.  These  techniques  are  based  on  the  fact  that 
complementary  nucleic  acid  sequences,  i.e.  either  DNA  or  RNA  (ribose 
nucleic  acids),  hybridize  with  each  other  and  under  defined  conditions 
this  reaction  can  be  made  very  specific  and  quantitative.  This  technique 
also  can  be  used  to  identify  the  presence  of  a  given  species  via  the 
detection  of  its  DNA  in  a  mixture  of  nucleic  acids  extracted  from  an 
environmental  population.  This  approach  has  been  used  by  Genprobe  (San 
Diego,  CA,  USA)i2  for  the  preparation  and  marketing  of  chemiluminescent 
probes  specific  for  ribosomal  RNA  representing  diffeient  species  of  SRB. 
This  technique  using  general  and  specific  16S  rRNA  probes  together  with 
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fluorescent  microscopy  was  used  to  visualize  specific  SRB  populations  in 
developing  and  established  biofiim  populations'll. 

This  paper  presents  information  on  the  application  of  new  nucleic  acid 
hybridization  techniques  to  the  assessment  of  the  community  structure  of 
SRB  present  in  fluids  (planktonic)  and  biofilms  (sessile)  in  western 
Canadian  oil  field  environments. 

II.  Methods 


A.  Microbiological 

The  techniques  used  for  isolation  of  SRB  field  cultures  and  for  growth  of 
known  cultures  of  SRB  obtained  from  culture  collections  have  been 
published^  Cultures  were  grown  at  a  temperature  and  a  salinity 

close  to  that  of  the  field  conditions  from  which  the  samples  were 
obtained.  The  following  criteria  were  used  in  assessing  culture  purity: 
colonial  and  cell  morphologies;  lack  of  growth  when  incubated  under 
aerobic  conditions;  the  analysis  of  DNA  restriction  profiles  assayed  with 
hydrogenase  genes  and  1 6S  rRNA  probes,  and  via  DNA  homology  reactions. 
Because  these  isolates  were  not  assigned  to  genera  they  were  designated 
''lac”,  "pro",  "dec",  "ben",  "ace"  and  "eth"  to  indicate  that  they  were  purified 
from  lactate,  propionate,  deconoate,  benzoate,  acetate  or  ethanol 
enrichments,  respectively.  Serial  numbers  were  also  assigned  (e.g.  "lac 
5",  "ben  1 ")  to  denote  different,  non-cross  reacting  hybridization  groups  or 
"standards". 

B.  Molecular  biological 

The  methods  used  for  DNA  isolation  and  the  preparatbn  of  hydrogenase 
gene  probes  have  been  published^ The  fact  that  total  chromosomal  DNA 
can  be  used  as  a  gene  probe  is  well  established  in  the  literature.  Such 
techniques  however  preclude  the  distinction  between  strains  with  highly 
homologous  genomes.  The  term  "standard"  was  used  to  represent  all 
closely  hybridizing  strains  and  therefore  different  standards  show  little 
or  no  cross-hybridization. 

DNA  from  unknown  organisms  can  be  probed  sequentially  with  labelled 
DNA  from  standards  of  interest.  However  such  a  process  is  time 
consuming  when  a  large  number  of  samples  are  to  be  surveyed.  Therefore 
the  sample  itself  was  labelled  and  used  to  probe  a  "master  filter" 
containing  dots  of  DNA  from  bacteria  relevant  to  the  environment  being 
examined.  Once  a  master  filter  has  been  prepared  for  an  environment  this 
reverse  sample  genome  probing  (RSGP)  procedure  allows  for  the  analysis 
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of  a  ONA  preparation  in  a  single  step  rather  than  the  usual  multistep 
process^  New  standards,  as  they  are  isolated,  can  be  readily  added  to 
master  filters.  The  techniques  used  for  the  isolation  of  DNA  from  plugs, 
i.e.  the  sessile  flora,  are  under  development  and  modification. 

The  process  used  for  the  preparation  and  the  utilization  of  a  master  filter 
is  described  in  Figure  1.  Using  oil  field  fluids  or  plug  scrappings  as 
inocula,  enrichment  cultures  are  established  on  the  six  carbon  sources 
listed  in  the  microbiological  section.  After  a  suitable  incubation  period, 
pure  cutures  of  SRB  are  isolated  from  these  enrichment  cultures  using 
standard  microbioloical  methods.  DNA  is  recovered  from  these  isolates 
and  it  is  denatured  by  heating.  A  small  amount  of  the  denatured  DNA  is 
spotted  onto  a  membrane  filter  and  it  is  treated  with  ultra-violet  light  to 
anneal  the  DNA  to  the  filter.  A  master  filter  contains  many  of  these  spots 
or  "dots"  of  DNA  from  pure  cultures  recovered  from  environmental  sources 
and/or  culture  collections. 

Subsequently,  DNA  is  recovered  from  other  enrichments,  SRB  cultures  or 
extracted  directly  from  environmental  samples,  denatured  and  labelled 
with  32p.phosphate.  This  radioactive  DNA  is  used  as  a  probe  and  reacted 
with  the  master  filter.  After  suitable  incubation,  the  master  filter  is 
washed  to  remove  any  radioactive  DNA  which  has  not  hybridized  with  the 
standard  DNA  dots.  The  filter  is  than  exposed  to  x-ray  film  and  the 
presence  and  location  of  radioactive  material  is  detected  as  a  black  spot 
on  the  film  after  it  is  developed.  This  procedure  yields  qualitative 
results,  that  is  it  detects  the  presence  of  specific  SRB,  as  well  as 
qualitative  results,  that  estimate  the  abundances  of  specific  SRB  in  the 
population.  Both  results  provide  information  on  the  SRB  community 
structure. 

III.  Results  and  Discussion 

Some  examples  of  the  types  of  hybridization  which  can  be  obtained  with 
the  RSGP  procedure  are  shown  in  Figure  2.  Panels  A  and  B  are 
representative  of  the  results  obtained  with  a  labelled  probe  from  a  pure 
isolate.  The  failure  of  the  DNA  from  the  unknown  SRB  to  react  with 
standards  in  panel  A  indicates  that  the  isolate  is  new  and  its  DNA  could  be 
added  as  a  new  standard  to  the  master  filter.  In  panel  B,  however,  the 
reaction  of  the  probe  with  standard  #3  indicates  that  it  Is  identical  to  or 
very  closely  related  to  that  standard.  The  reaction  in  panel  C  is  typical  of 
probes  prepared  from  an  enrichment  culture  containing  a  mixture  of  SRB. 
The  appearance  of  three  black  spots  indicate  that  SRB  in  the  mixed  culture 
are  closely  related  or  identical  to  standards  1,13  and  20.  However  a 
completely  negative  reaction  in  panel  C,  providing  the  source  is  known  to 
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contain  SRB,  indicates  that  new  SRB  types  are  present.  Microbiological 
investigations  should  be  undertaken  to  recover  the  SRB  for  possible 
inclusion  in  the  master  filter.  The  reaction  shown  in  panel  D,  i.e.  no  seif* 
hybridization,  indicates  that  there  was  possibly  a  problem  with  the 
hybridzation  assay  and  the  sample  should  be  re-examined. 

Once  these  master  filters  are  established  for  a  given  environment  they 
can  be  used  to  assess  community  structure  without  involving  growth 
procedures.  That  is,  the  ONA  may  be  recovered  directly  from  fluids  by 
centrifugation  or  adsorption  techniques  to  collect  the  bacteria,  or  from 
biofilms,  plugs,  tubercles  or  metal  scrapings.  This  procedure  provides 
data  on  community  structures  as  they  exist  in  nature. 

The  selectivity  of  the  [NiFe]  hydrogenase  probe  as  a  specific  detector  for 
members  of  the  Desulfovibrio  genus  is  established  by  the  data  presented 
in  Table  1.  There  is  no  reaction  of  this  probe  with  SRB  representing  4 
other  SRB  genera.  The  positive  reaction  of  this  probe  with  almost  half  of 
the  planktonic  oil  field  isolates  examined,  isolated  from  7  different  sites, 
indicate  that  members  of  the  Desulfovibrio  genus  are  a  predominant 
species  in  these  western  Canadian  oil  field  fluids. 

The  data  presented  in  Figure  3  summarize  the  difference  between  the 
planktonic  SRB  community  structure  found  in  fluids  from  saline  and 
freshwater  fluids.  These  fluids  were  obtained  from  56  sites  in  seven 
different  oil  field  locations  and  analyzed  using  published  nucleic  acid  probe 
techniques'!  4. 15. 16.  There  is  a  slightly  greater  diversity  of  SRB  species  in 
the  saline  environments  yielded  24  different  standards  whereas  the 
freshwater  sites  yielded  only  17  different  standards.  The  SRB  population 
of  saline  environments  contained  any  combination  of  the  following  16 
standards  (Iac4,  Iac5,  Iac6,  lacIO;  eth3;  beni,  ben3;  deci,  dec3,  dec8; 
prol,  pro4,  pro12;  or  acel,  ace3,  ace4);  whereas  freshwaters  contained 
any  combination  of  the  following  10  standards  (lad  ,2,  Iac7,  lad  7;  ben6; 
dec4,  dec6,  dec7;  pro5,  prolO;  or  ace5).  There  were  a  few  standards  (Iac3, 
lad  2,  lad  5,  Iac21;  eth2;  or  ben4)  which  could  be  found  in  either 
environment.  That  is,  the  salinity  of  the  environment  is  a  very  important 
factor  in  determining  the  community  structure  of  the  SRB  population. 

A  comparison  of  the  SRB  community  structure  in  planktonic  and  sessile 
(biofilm)  SRB  flora  is  described  in  Figures  4  and  5.  In  both  biofilm 
systems  studied  (sites  WW5  and  WW14)  the  SRB  planktonic  population  has 
a  similar  distribution  of  thell  SRB  standards  detected  with  no  standard 
consisting  of  >2%  fraction  of  the  SRB  population.  However  when  the 
sessile  (biofilm)  population  of  the  respective  planktonic  samples  were 
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examined  certain  SRB  from  the  planktonic  population  dominated.  In 
sample  WW5  standards  Iac6  and  ethS  were  predominant  at  >  4%  incidence 
and  Iac24  at  >10%  incidence.  The  sessile  population  from  sample  WW14 
showed  two  SRB,  Iac3  and  Iac24,  with  incidence  levels  >4%.  This 
information  suggests  that  only  specific  SRB  from  the  planktonic  flora 
become  predominant  in  a  sessile  population.  All  these  standards  react 
strongly  with  the  [NiFe]  hydrogenase  probe  and  therefore  are  members  of 
the  Desulfovibrio  genus.  The  predominance  of  certain  SRB  in  the  sessile 
community  flora  might  be  a  result  of  differences  in  growth  rates  of 
planktonic  flora  when  present  in  a  biofilm  (sessile)  structure.  It  also  is 
possible  that  the  dominant  biofilm  SRB  are  those  that  are  active  in 
microbial  influenced  corrosion. 

The  variations  observed  in  the  duplicate  sessile  sample  (Figure  4)  indicate 
that  further  work  has  to  be  done  to  refine  the  technique  used  for 
examining  sessile  flora  community  structure. 

The  information  presented  shows  that  nucleic  acid  probe  techniques  can 
be  used  to  analyze  the  community  structure  of  SRB  in  planktonic  and 
sessile  (biofilm)  systems.  The  developnient  of  the  RSGP  technique  allows 
for  the  rapid  assessment  of  environmental  community  structure  without 
having  population  structure  biased  by  growth  procedures. 
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Table  1.  Distribution  of  [NiTc]  hydrogenase  gene  in  sulfate-reducing  bacteria. 
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Figure  3.  SRB  community  structure  ol  saline  and  freshwater  oil-lield  communities. 
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Abstract 

Direct  examination  of  surfaces  in  industrial  aquatic  systems  clearly  shows  the  presence  of 
siime-erK:losed  bacterial  biofilms  and  it  is  axiomatic  that  it  is  these  adherent  populations  that 
are  involved  in  fouling,  souring,  and  corrosion.  It  is  now  widely  acknowledged  that  bacteria 
within  these  biofilms  are  inherently  resistant  to  very  high  concentrations  of  biocides  and  that 
routine  biocide  treatment  usually  kills  planktonic  (floating)  cells,  and  gives  the  illusion  of 
control  of  bacterial  processes,  but  fails  to  kitt  these  biofilm  bacteria.  We  have  developed  a 
novel  technology  in  which  very  weak  DC  electric  fields  are  used  to  overcome  the  diffusion 
resistance  implicit  in  the  biofilm  made  of  growth  and  thus  allow  conventional  biocides  to 
penetrate  microbial  biofilms  and  kill  biofilm  bacteria. 

Key  terms:  biocide,  electric  field,  biofilm,  bacteria 
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Introduction 

Bacteria  in  all  aquatic  systems  examined  to  date  show  a  pronounce  tertdency  to  adhere  to 
available  surfaces  and  their  subsequent  growth  and  slime  production  lead  to  the  development 
of  bacterial  biofilms/  Bacteria  within  these  biofilms  have  been  unequivocally  shown  to  be 
inherently  resistent  to  both  biocides’  and  antibiotics’^  so  that  500*1500  times  more  of  the 
antibacterial  agents  is  required  to  kill  biofilm  cells  compared  to  the  amount  necessary  to  kill 
planktonic  (floating)  cells  of  the  same  species.  We  have  discovered  that  the  diffusion 
resistance  implicit  in  the  biofilm  mode  of  growth'*^  can  be  overcome  by  the  imposition  of  a 
relatively  weak  DC  electric  field  so  that  biofilm  bacteria  can  readily  be  killed  by  concentrations 
of  biocides  only  1 .0-2.0  times  these  necessary  to  kill  planktonic  ceils  of  the  same  organism.” 

Material  and  Methods 

The  modified  Robbins  device  (MRD)  described  in  Nickel  etaL*  was  further  modified,  as  shown 
in  Figure  1 ,  to  produce  the  electrical  MRD  (eMRD).  An  environmental  isolate  of  P.  aeruginosa 
that  exhibited  excellent  adhesion  characteristics  was  selected  for  this  study  and  we 
determined  its  MIC  for  Kathon  (1  ppm),  qlutaraldehyde  (5  ppm),  and  quaternary  ammonium 
compound  -  dimethyl  ammonium  chloride  (10  ppm)  in  classical  tests  involving  laboratory- 
grown  planktonic  cells.  This  organism  was  grown  in  M-56  medium’  and  passed  through 
paired  eMRD  devices  at  a  rate  of  60  ml/hour  by  the  use  of  a  peristaltic  pump.  In  some  cases 
the  two  electrodes  of  the  eMRD  were  connected  to  a  power  supply  that  produced  a  field 
strength  of  12  V/cm  and  a  current  density  of  2.1mA/cm’  and  the  polarity  of  the  electrodes 
was  reversed  every  64  seconds.  After  exposure  to  planktonic  cells  of  the  environmental 
strain  of  P.  aeruoinosa  in  flowing  M-56  medium  pairs  of  studs  were  removed  from  the  eMRD 
at  intervals  and  numbers  of  living  bacteria  within  their  adherent  biofilms  were  determined  by 
the  quantitative  recovery  methods  described  by  Nickel  et  af.* 

Results 

When  planktonic  cells  of  the  environmental  strain  of  P.  aeruoinosa  were  passed  through  a  pair 
of  eMRD  devices,  only  one  of  which  was  connected  to  a  power  supply,  these  organisms 
colonized  the  stainless  steel  studs  with  equal  avidity  (Figure  2).  The  biofilm  developed  very 
rapidly  in  the  presence  or  absence  of  the  DC  electric  field  and  the  confluent  mature  biofilm 
was  produced  in  24  hours.  When  1.0  MIC  of  qlutaraldehyde  (5  ppm)  or  of  Kathon  (1  ppm) 
were  added  to  each  of  two  pairs  of  colonized  eMRD's,  at  26  hours,  the  biofilm  cells  were 
completely  killed  in  1 2  hours  (Kathon)  or  in  24  hours  (qlutaraldehyde).  In  the  absence  of  the 
DC  electric  field  neither  of  these  biocides  produced  a  significant  decrease  in  the  number  of 
living  biofilm  bacteria  when  assessed  at  24  hours.  Ths  quaternary  ammonium  compound  was 
similarly  effective  in  killing  all  of  the  biofilm  bacteria  on  stainless  steel  studs  in  the  eMRD 
when  it  was  used  in  the  presence  of  the  DC  electric  field. 

Discussion 

Davis  and  his  colleagues””  have  shown  that  planktonic  bacteria  can  be  killed  by  electric 
currents  alone  and  they  have  invoked  a  mechanism  involving  iontophoresis.  Other  workers'” 
have  used  iontophoresis  to  deliver  effective  concentrations  of  an  antibiotic  into  the  middle  ear. 
The  "bioelectric"  effect  that  we  describe  in  this  paper  has  an  entirely  different  basis  in  that, 
in  our  system,  the  DC  electric  field  alone  has  no  deleterious  effect  on  bacteria.  However,  the 
DC  field  facilitates  the  efficacy  of  antibacterial  agents  in  penetrating  microbial  biofilms  and 
killing  biofilm  bacteria.  This  effect  of  the  DC  field  is  universal  in  that  it  enhances  the  killing 
of  biofilm  bacteria  by  all  biocides  and  antibiotics  tested  to  date  and  in  that  it  also  enhances 
the  efficacy  of  these  antibacterial  agents  in  killing  bacterial  and  fungal  spores.  We  expect  that 
this  novel  bioelectric  technology  will  be  very  useful.  The  simple  generation  of  weak  DC  fields 
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on  fouled  metal  surfaces  will  allow  the  complete  control  of  biofilm  bacteria  by  easiiy  attained 

concentrations  of  conventional  biocides. 
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Figure  1  Cross-sectional  diagram  of  an  electrified  MRD  showing  the  configuration  of  the 
perspex  structure  and  the  flow  chamber  arnl  the  relative  position  of  the 
stainless  steel  stud  and  the  platinum  wire.  Direct  current  was  applied,  with 
reversal  of  polarity  each  64  s,  to  the  stainless  steel  stud  (via  its  retaining 
screw)  and  the  platinum  wire,  which  serve  as  the  two  electrodes  needed  to 
generate  the  electric  field. 
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Figure  2  Effect  of  a  DC  electric  field  on  the  development  and  growth  of  a  biofilm  of  £. 

aeruginosa  cells  on  the  stainless  steel  studs  of  eMRD  devices.  Biofilm 
developed  equally  in  the  presence  (■;  a)  or  abserKe  (□;  a)  of  the  electric  field, 
but  when  qlutaraldehyde  (5  ppm)  or  Kathon  (1  ppm)  were  added  to  the  systems 
at  24  hours  (arrows)  the  combined  effect  of  the  DC  field  and  the  qlutaraldehyde 
(■)  killed  all  of  the  biofilm  bacteria  in  24  hours,  while  the  combined  effect  of 
the  DC  field  and  the  Kathon  (a)  killed  all  of  the  biofilm  bacteria  in  12  hours. 
The  biocides  alone,  without  the  DC  field,  had  no  significant  effect  on  the 
biofilm  bacteria. 
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Abstract 

In  previous  works  the  phenomenon  of  the  oxygen  reduction  depolarization  induced  by  the 
biofilm  presence  on  active-passive  alloys  was  utilized  to  make  electrochemical  devices  able  to 
monitor  the  biofilm  growth  on  surfaces  of  a  series  of  active-passive  alloys  exposed  in  seawater. 

In  particular  a  very  simple  device  constituted  by  a  galvanic  couple  between  a  stainless  steel  pipe 
and  a  suitable  sacrificial  anode  was  studied:  the  measurement  of  the  change  in  time  of  the 
galvanic  current  was  utilized  for  the  monitoring  of  the  first  phase  of  the  biofilm  growth  and  its 
destruction  by  a  biocide  treatment. 

The  same  device  was  utilized  in  this  work  to  automatically  guide  the  application  of  a  chlorine 
treatment  in  order  to  control  biofilm  growth  at  a  very  thin  level,  in  view  of  a  possible  application 
in  condensers  utilizing  seawater  as  a  cooling  medium. 

Results  of  field  tests  indicate  that  such  a  device  is  able  to  automatically  control  the  biofilm 
amount  at  a  level  which  can  be  selected  between  10® -4- 10^  bacteria/cm^  and,  at  the  same  time, 
to  minimize  the  biocide  addition. 

Key  terms:  biofilm,  biocide,  monitoring,  seawater. 

Introduction 

It  is  well  known  that  the  growth  of  biofilm  on  pipe  walls  of  condenser  utilizing  seawater  as  a 
cooling  medium  causes  a  reduction  of  the  thermal  exchange  and  an  increase  in  the  friction 
factor:  that  means  a  costly  reduction  of  the  plant  efficiency. 

it  follows  that  antifouling  procedures,  mainly  based  on  the  addition  of  biocides  in  solution,  must 
be  applied,  causing  often  problems  of  environmental  impact. 

Biofouling  monitoring  devices  able  to  provide,  in  situ  and  in  real  time,  information  about  the 
biofilm  status  can  help  to  optimize  the  application  of  antifouling  procedures  and,  as  a 
consequence,  to  minimize  the  environmental  impact. 

For  this  purpose,  some  attempts  were  made  to  realize  simple  biofilm  monitoring  electrochemical 
devices  11*31. 

These  devices  are  based  on  the  following  effect  of  the  biofilm  growth:  the  presence  of  biofilm 
causes  a  depolarization  of  the  oxygen  reduction  on  the  surface  of  many  active-passive  alloys  like 
Stainless  steels,  Ni-Cr,  Ni-Cu,  Titanium... 

It  follows  that,  apart  from  the  increasing  risk  of  Microbial  Induced  Corrosion  (MIC)  on  the  above 
mentioned  alloys,  the  galvanic  current  between  these  alloys  and  other  less  nobles  materials 
coupled  with  them  increases  during  the  phase  of  the  biofilm  growth:  a  correlation  between 
galvanic  current  and  biofilm  growth  can,  hence,  be  thought. 

To  control  if  an  electrochemical  device,  simply  based  on  the  reading  of  the  galvanic  current,  can 
successfully  be  utilized  for  the  biofilm  monitoring  on  a  series  of  active-passive  alloys  in 
seawater,  we  made  several  tests  ^1  >3)  utilizing  a  Stainless  Steel  pipe  coupled  with  an  iron  anode 
as  a  monitoring  device. 
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It  was  shown  that,  by  following  in  time  the  trend  of  the  galvanic  current,  correct  information 
about  the  effect  of  continuous  and  intermittent  chlorine  treatments  on  the  biofilm  growth  and 
destruction  on  Stainless  Steel  surfaces  are  obtained. 

In  addition,  it  has  been  proven  that  this  technique  can  be  utilized  as  a  very  early  warning  of  the 
first  phases  of  the  biofilm  growth  because  an  increase  of  one  order  of  magnitude  of  the  galvanic 
current  signalizes  the  increase  of  the  bacterial  population  from,  about,  10^  to  10^  bacteria/cm^. 
Taking  into  account  that  the  proposed  device  provides  an  electrical  signal  of  the  biofilm  growth 
and  its  destruction,  we  can  now  imagine  it  will  be  possible  to  utilize  this  signal  to  guide  the 
application  of  a  biocide  treatment  in  such  a  way  to  automatically  obtain  both  the  control  of  the 
biofilm  at  a  selected  thin  layer  and  the  minimisation  of  the  biocide  additions.  At  the  same  time 
the  MIC  risk  will  be  reduced. 

The  aim  of  this  work  is  to  control  if  electrochemical  biofilm  monitoring  devices  can  be  utilized  for 
this  purpose. 


Materials  and  Methods 

Several  loops,  like  that  shown  in  Fig.1,  were  utilized  for  the  present  study. 

In  each  loop  natural  seawater  flows  once-through  inside  a  Stainless  Steel  pipe  (20Cr-24Ni-6Mo, 
24  mm  internal  diameter,  140  cm  length)  and  a  brass  (Cu/Zn-70/30)  pipe  in  series.  The  two 
pipes  are  connected  through  a  resistor  (R  =  10  ohms)  and  the  galvanic  current  flowing  between 
them  can  be  obtained  by  measuring  the  potential  difference  (<5V)  across  R. 

Five  equal  loops  were  mounted  in  series  as  shown  in  Fig. 2. 

The  measure  of  the  galvanic  current  on  the  last  loop  (loop  N°  5)  was  recorded  versus  exposure 
time  and  utilized  to  guide,  through  an  automatic  controller,  an  intermittent  injection  of  biocide 
into  the  flowing  seawater. 

The  biocide  injection  started  when  surpassed  a  first  selected  value  (^max)  and  stopped 
when  <fV  fell  down  to  a  second  selected  value  (^min). 

Sodium  hypochlorite  was  utilized  as  a  biocide  and  its  concentration  in  the  stock  solution  was 
calculated  to  obtain  a  nominal  chlorine  concentration  of  1  ppm  in  the  flowing  seawater. 

The  biocide  was  injected  in  between  the  first  and  the  second  loop,  so  that  the  chlorine  treatment 
was  applied  to  loops  2,  3,  4  and  5,  for  an  overall  pipe  length  of  about  1 6  meters. 

Loop  1  was  utilized  as  a  control  of  the  efficiency  of  the  automatic  antifouling  treatment. 

The  test  lasted  about  3  months;  during  the  test  the  seawater  temperature  decreased  from  21  to 
14°C. 

The  seawater  velocity  inside  the  stainless  steel  pipes  was  0.5  m/s. 

Finally:  several  flat  stainless  steel  samples  were  added  to  each  loop  for  SEM  and  EDX  analysis  of 
the  biofilm. 


Results 

Figure  3  shows  the  trend  of  the  galvanic  current  lor  «JV)  versus  time  for  the  untreated  loop  1 
and  for  the  automatically  chlorinated  loop  5. 

The  graph  indicates  that  in  untreated  seawater  (curve  A)  the  galvanic  current  between  the 
stainless  steel  and  the  copper  alloy  increases  more  than  one  order  of  magnitude  during  the  first 
week  of  exposure  as  a  result  of  the  initial  biofilm  growth  on  the  stainless  steel  surfaces;  a  partial 
decrease  of  the  galvanic  current  can  be  observed  later  as  a  consequence  of  the  increase  in  time 
of  the  biofilm  layer  which  causes,  in  turn,  a  lowering  of  the  oxygen  reduction  limiting  current 
due  to  both  the  increase  of  the  diffusion  layer  and  to  a  partial  oxygen  consumption  by  bacteria. 
The  effect  of  the  automatic  chlorination  is  described  by  curve  B:  each  sharp  decrease  of  the 
galvanic  current  signalizes  when  a  chlorine  addition  in  seawater  was  automatically  applied. 

We  normally  set  the  controller  schematized  in  Fig. 2  in  such  a  way  to  activate  the  biocide 
injection  when  the  galvanic  current  surpassed  0.7  mA  and  to  stop  when  the  galvanic  current  fell 
down  to  0.3  mA;  sometimes,  during  the  test,  the  above  mentioned  limits  were  temporarily 
changed. 

During  the  test  the  chlorination  was  automatically  applied  for  an  overall  time  of  about  1 8  hours. 
Figure  4  shows,  in  expanded  time  scale,  an  example  of  the  galvanic  current  trend  versus  time 
when  chlorination  is  applied. 
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Desultory  readings  of  the  galvanic  currents  on  the  other  loops,  between  the  chlorine  injection 
point  and  the  controller,  indicated  that  the  currents  were  progressively  increasing  from  kx^  2  to 
loop  5  during  dl  the  phases  of  the  automatic  biocide  treatment. 

At  the  end  of  the  test,  the  settlement  on  treated  and  untreated  loops  was  observed. 

Figure  5  shows  a  picture  of  the  aspect  of  two  pipe  segments  which  clearly  indicates  that  the 
automatic  chlorine  treatment  strongly  reduced  the  fouling  amount  on  the  stainless  steel 
surfaces;  the  fouling  reduction,  measured  as  a  ratio  between  the  fouling  dry  weights  in 
untreated  and  treated  loops,  is  about  100. 

The  Scanning  Electron  micrographs  in  Figure  6  show  the  typical  aspect  of  the  fouling  after  about 
3  months  of  exposure  in  untreated  and  treated  seawater:  it  can  be  seen  that,  in  automatically 
treated  seawater,  on  the  Stainless  steel  surfaces  remain  only  a  few  bacteria  and  a  thin,  non 
continuous,  deposit  layer. 

Regarding  the  bacterial  density:  many  of  the  SEM  observations  on  randomly  chosen  fields 
indicate  only  a  residual  bacteria  mean  density  of  the  order  of  10^  bacteria/cm^. 

Regarding  the  nature  of  the  deposit:  the  EOX  analysis  (Figure  7)  show  that  only  a  minor 
presence  of  silicon  can  be  observed  on  the  surfaces  exposed  in  treated  seawater. 

Discussion 

In  a  previous  work  studying  the  relationship  between  galvanic  current  and  biofilm  growth, 
we  utilized  a  normalized  and  dimensionless  index  6(t)  defined  through  the  expression; 


lg(t)  ■  Igmin 

e(t)  = -  (1) 

Igmax  -  Igmin 


where  Igmin  and  Igmax  are  the  values  of  galvanic  current  measured,  respectively,  in  absence 
and  in  presence  of  a  fully  developed  biofilm  on  stainless  steel  surfaces  and  lg(t)  is  the 
instantaneous  value  of  the  galvanic  current. 

It  was  observed  that  the  fluctuation  of  6(t)  between  0  and  1  corresponded  to  a  fluctuation  of 
the  bacterial  population  density  between  10^  to  10^  bacteria/cm^. 

Looking  at  the  graphs  in  Fig. 3  we  can  assume,  for  the  present  test,  Igmin  =  0.05  mA  and 
Igmax  =  1 .2  mA. 

It  follows  that  the  two  limits  of  the  galvanic  currents  normally  imposed  when  the  automatic 
chlorination  is  applied  (0.3  and  0.7  mA)  allow  a  controlled  fluctuation  of  6  between,  about,  0.2 
and  0.6  and,  therefore,  a  low  residual  bacterial  population  of  some  10^  bacteria/cm^  should  be 
expected  at  the  end  of  the  test. 

Effectively,  this  is  the  order  of  magnitude  of  the  observed  mean  bacterial  population  density 
after  3  months  of  treatment. 

It  means  that  simple  electrochemical  devices  can  be  utilized  to  guide  the  biocide  treatment  in 
such  a  way  to  control  the  first  phase  of  the  biofilm  growth  up  to  a  selected  level. 

In  addition:  a  control  by  an  electrochemical  device  seems  to  be  able  to  minimize  the  biocide 
additions  in  seawater. 

Figure  8  shows  an  elaboration  of  data  plotted  in  Figure  3:  in  this  graph  the  interval  between  two 
subsequent  chlorinations,  in  function  of  the  exposure  time,  is  reported. 

It  can  be  seen  that,  at  the  beginning  of  the  test,  one  chlorination  about  every  2  days  is 
automatically  imposed  by  the  electrochemical  device;  the  interval  increases  in  time  and,  at  the 
end  of  the  test,  only  one  chlorine  treatment  every  5-6  days  is  sufficient  to  maintain  the  galvanic 
current  within  the  chosen  limits. 

It  suggests  that  the  biological  activity  tends  to  decrease  in  time:  this  indication  is  consistent 
with  the  observed  decrease  of  the  seawater  temperature  from  21  to  14°C  during  the  test. 

In  other  words:  a  very  simple  electrochemical  device  seems  to  be  sensitive  to  the  effect  of 
environmental  parameters  on  the  biological  activity  and,  therefore,  able  to  automatically  adapt 
the  biocide  additions  in  function  of  the  actual  and  local  needs. 
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Conclusions 


The  change  in  time  of  the  galvanic  current  in  a  simple  electrochemical  device  constituted  by  a 
galvanic  couple  between  a  stainless  steel  pipe  and  a  Copper  based  alloy  as  anode,  due  to  the 
oxygen  reduction  depolarization  induced  by  the  biofilm  growth  on  the  stainless  steel  surfaces, 
was  utilized  to  automatically  guide  a  chlorine  treatment  in  order  to  control  the  biofilm  growth  at 
a  very  thin  level  and  in  view  of  a  possible  application  in  condensers  utilizing  seawater  as  a 
cooling  medium. 

For  this  purpose  two  levels  of  the  galvanic  current,  within  the  values  assumed  in  presence  and 
in  absence  of  a  fully  developed  biofilm  on  stainless  steel  surfaces,  were  selected:  the  chlorine 
treatment  automatically  started  every  time  the  galvanic  current  reached  the  prefixed  maximum 
value  and  lasted  until  it  descended  below  to  a  second,  minimum,  value. 

Results  of  field  tests  indicate  that  such  a  device  is  able  to  automatically  control  biofilm  growth  at 
levels  between  10^-^- 10^  bacteria/cm^  and  to  minimize  the  biocide  additions. 
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Figure  1  -  Scheme  of  a  loop 


Figure  2  -  Scheme  of  the  plant 
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Figure  3  -  Trend  of  the  galvanic  current  in 
untreated  (curve  A)  and  automatically 
chlorinated  (curve  B)  seawater. 


Figure  4  -  An  example  of  galvanic  current 
decay  during  an  automatic  chlorination. 


Figure  5  -  Aspect  of  the  pipe  internal  walls  after  three  months  of  exposure  to 
untreated  (on  the  left)  and  automatically  chlorinated  seawater  (on  the  right). 


Figure  7  -  EDX  analysis  on  samples  after  three  Figure  8  -  Interval  between  two  subsequent 

months  of  exposure  to  untreated  and  automatic  chlorinations  versus  exposure  time, 

automatically  chlorinated  seawater. 
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Abstract 

An  investigation  of  wastewater  lift  stations  in  residential  areas  of  Jubail  Industrial  City 
(JIC)  in  1985,  showed  that  some  of  the  lift  stations  were  severely  corroded,  particulariy  at 
unsubmerged  surfaces,  in  less  than  six  years  after  construction.  The  concrete  walls  showed 
severe  sulfate  attack  up  to  about  20  mm  depth  from  the  exjwsed  surface.  Ductile  iron  and 
galvanized  steel  items  corroded  by  sulfuric  acid  attack  and  exhibited  generalized  pitting  widi  pit 
depths  ranging  between  SO  to  150  mpy.  In  order  to  supplement  the  findings  of  the  above 
investigation,  coupons  of  various  metdlic  and  non-met^ic  materials  as  well  as  mild  steel 
coupons  coat^  with  eight  different  high  quality  coatings  were  placed  above  water  line  in  one  of 
the  lift  stations  inspect^. 

The  weight  loss  results  of  87-day  exposure  of  the  uncoated  coupons  showed  that  brass, 
ductile  iron,  galvanized  steel  and  cast  iron  had  high  corrosimi  rates  ranging  between  17  to  50 
mpy  in  the  sewer  atmosphere.  Aluminium  was  moderately  attacked  by  crevice  corrosion  under 
sludge  deposits.  Stainless  steel  Type  316,  polyvinyl  chloride  (PVC)  and  fibre  reinforced  plastic 
(FRP)  did  not  show  any  significant  deterioraticHi  in  the  sewers. 

The  coated  coupons  were  evaluated  visually  and  by  electrochemical  techniques  after  490 
days  of  exposure  to  the  sewer  environment.  The  results  showed  that  the  two  best  performing 
coatings  in  the  wastewater  lift  stations  were  vinyl  ester  and  polyamide  cured  epoxy. 

Key  terms:  biological  corrosion,  wastewater  lift  station,  sewage,  coating  performance. 

Introduction 

An  investigation  [1]  of  wastewater  lift  stations  in  residential  areas  of  JIC  in  1985,  showed 
that  some  of  the  lift  stations  were  severely  corroded,  particularly  at  unsubmerged  surfaces,  in 
less  than  six  years  after  construction.  The  coal  tar  epoxy  coating  on  concrete  walls  and  ductile 
iron  pipes,  and  zinc  coating  on  galvanized  steel  items  deteriorated  badly  and  became  ineffective. 
The  concrete  walls  showed  [1,2]  severe  sulfate  attack  up  to  about  20  mm  depth  fiom  the 
exposed  surface.  Ductile  iron  and  galvanized  steel  items  [1,3]  corroded  by  sulfuric  acid  attack 
and  exhibited  ^neralized  pitting  with  pit  depths  ranging  between  50  to  150  mpy. 

Until  1902,  corrosion  in  sewer  systems  was  thought  to  involve  only  pure  chemical 
reactions  between  hydrogen  sulfide  and  concrete[4].  Recent  research  revealed  that  this  type  of 
ccHTOsion  is  a  combination  of  bacteriological  and  chemical  reactions  involving  three  groups  of 
bacteria,  namely  aerobic  thiobacillus  and  anaerobic  desulfovibrio  and  desulfotomaculum. 

Generally,  microorganisms  may  initiate  corrosion  of  metals  by;  (1)  production  of  oxidizing 
agents,  (2)  forming  differential  oxygen  or  chemical  concentration  cells,  (3)  removing  hydrogen 


3813 


(elections)  from  the  surface  of  metal  and/or  (4)  interfering  with  the  formation  (x*  destruction  oi 
pioiective  filim  on  metal  surfaces. 

In  aerobic  corrosion,  sulfuric  acid,  which  is  produced  by  thiobacillus  bacteria  on  aerobic 
(unsubmerged)  surfaces  in  sewer  systems,  causes  the  most  severe  coirosion  of  metals  as  well  as 
deterioraticHi  of  concrete.  Dcxnestic  sewage  normally  contains  a  few  parts  per  millicm  H2S, 
around  20  mg/1  of  inOTganic  sulfates  and  6  mg/1  of  organic  sulfur  compounds  at  the  beginning. 
As  sewage  becomes  septic,  the  bacteria  Desulfobivrio  desulfuricans  and  D.  desulfouxnaculum 
reduce  sulfates  to  sulfides  [4,S,6]  and  produce  more  of  hydrogen  sulfide.  Hydrogen  sulfide 
exists  in  the  solution  in  both  ionized  and  molecular  form;  the  latter  is  released  into  the  sewer 
atmosphere.  The  actual  rate  of  hydrogen  sulfide  generation  and  subsequent  emission  are 
influenced  by  (1)  biological  oxygen  demand  (BOD),  (2)  pH,  (3)  temperature,  (4)  flow  velocity, 
(S)  retention  tinw  and  (6)  turbul^ce  of  wastewater.  Biological  oxygen  demand  is  a  measure  of 
anaerolMC  condition  and  potential  for  sulfide  generation  in  wastewater.  For  every  Ky’C.  increase 
in  eflluent  temperature  over  20^  C,  there  is  a  1(X)%  increase  in  effective  BOD.  Optimum  sulfide 
generation  takes  place  when  wastewater  pH  lies  between  6.5  and  8.5.  Liberation  of  generated 
H2S  into  atmosphere  increases  with  decreasing  pH[4].  The  buildup  of  hydrogen  sulfide  in  the 
sewer  atmosphere  depends  upon  its  rate  of  generation  and  its  oxidation  by  absorbed  oxygen 
before  it  escapes  out  of  the  effluent.  The  extent  of  oxygen  absorption  is  dependent  upon  the 
effluent  flow  velocity.  While  a  high  effluent  velocity  restricts  the  release  of  H2S  into  the 
atmosphere,  a  high  turbulence  on  the  contrary  increases  the  rate  of  H2S  emission  [4,7]. 

Substantial  amount  of  released  H2S  is  absorbed  by  the  moisture  film  present  on  the 
unsubmerged  surfaces  of  the  sewer  system.  Aerobic  bacteria,  Thiobacilli  concretivorous, 
Thioxidants  and  Neapolitanas)  [4]  then  oxidize  the  absorbed  H2S  into  sulfur  compounds  and 
sulfuric  acid.  This  may  result  in  ultimate  H2SO4  concentration  of  about  5%,  and  the  pH  may 
dn^  to  as  low  as  1  on  aerobic  (unsubmerged)  surfaces  even  when  the  pH  of  wastewater  stream 
is  only  6-7  [4]. 

The  other  common  form  of  bacteriological  corrosion  in  sewer  systems  ij  anaerobic 
corrosion.  The  most  common  anaerobic  corrosion  is  caused  by  direct  reaction  of  H2S. 
Hydrogen  sulfide  in  an  aqueous  environment  in  the  relative  absence  of  oxygen  reacts  with  iron 
to  foim  iron  sulfide  acccxding  to: 


Fe  +  H2S  -¥  FeS  +  H2 

At  pH  values  around  7  and  above  (a  favorable  pH  for  growth  of  Desulfovibrio),  ferrous 
sulfide  is  precipitated  close  to  anodic  areas  to  form  a  protective  film  [8].  On  prolonged  exposure 
to  bacterial  cultures,  the  film  becomes  detached,  causing  formation  of  FeS/Fe  couple  and  a 
corresponding  increase  in  the  corrosion  rate. 

In  addition,  there  are  other  mechanisms  identified  to  have  significant  contribution  to 
corrosion  of  metals  in  anaerobic  environments.  Microorganisms,  for  example,  due  to  their 
active  metabolic  processes,  can  develop  oxygen  or  ion  concentration  cells  on  metal  surfaces. 
Metal  goes  into  solution  at  the  anodic  areas  of  low  oxygen  concentration  under  the  mass  of 
microorganisms.  Von  Wolzogen  Kuhr  and  van  der  Vlug  [9]  showed  that  sulfate  reducing 
bacteria  (SRB)  which  contain  the  molecular-hydrogen-activating  enzyme  hydrogenase  remove 
hydrogen  from  the  surface  of  iron  (cathodic  depolarization)  and  utilize  it  for  the  reduction  of 
sulfate.  As  electrons  are  removed,  more  iron  goes  into  solution.  Iverson  [10]  identified  iron 
phosphide  (Fe2P),  in  the  corrosion  product  of  mildsteel.  He  reported  that  anaerobic  corrosion 
by  SRB  is  cau^  by  a  highly  active  volatile  phosphorous  compound  which  reacts  with  bulk  iron 
to  form  Fe2P. 

This  paper  reports  the  results  of  a  study  to  determine  the  performance  of  various  structural 
materials  and  coating  systems  in  a  domestic  wastewater  lift  station  located  at  about  2  km  from  the 
Western  Coast  of  the  Arabian  Gulf.  Structural  details  of  the  lift  station  were  reported  in  an 
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earlier  publication  [2].  The  lift  station  has  been  in  service  since  1982.  At  the  time  of  this 
investigation  the  lift  station  was  in  service  for  about  three  years. 


Experimental  Program 

The  experimental  program  consisted  of  exposure  of  coupons  in  the  lift  station,  visual 
inspection,  analysis  of  coupons  by  gravimetric  and  metallographic  techniques,  and 
electrochemical  measurements  in  order  to  evaluate  the  performance  of  materials  and  coatings  in 
sewage  environment. 

Preparation  and  Exposure  of  Coupons 

Uncoated  coupons  of  various  metallic  and  non-metallic  materials  as  well  as  mild  steel 
coupons  coated  with  eight  different  high  quality  coatings  were  placed  above  water  line  in  one  of 
the  lift  stations  inspected.  The  coupons  of  size  2x3  inches  were  prepared  from  structural 
materials  used  in  the  lift  station  and  from  alternative  materials  as  shown  in  Table  1.  After  initial 
weighing,  they  were  fixed  in  tiiplicates  to  a  wooden  rack  and  installed  in  the  lift  station  by 
hanging  fiom  a  nylon  rope  above  the  water  level  at  two  meters  from  the  manhole  entrance.  The 
uncoated  coupons  were  exposed  to  sewer  environment  for  87  days  and  then  retrieved  for 
inspection  and  analysis. 

Mild  steel  coupons  of  2  x  3  inches  coated  with  eight  different  coatings,  ie.,  two  kinds  of 
vinylester,  high  performance  coal-tar  epoxy,  high  built  micacious  iron  primer  based  on 
chlorinated  rubber,  polyamide  cured  epoxy,  amine  adduct  cured  coal-tar  epoxy,  amine  cured 
epoxy  resins,  and  polyamide  cured  epoxy  coating,  were  provided  by  three  internationally  known 
manufacturers.  The  coated  coupons  were  then  fixed  in  triplicates  to  wooden  racks  and  installed 
above  water  line  in  the  lift  station.  They  were  retriev^  after  490  days  of  exposure  to  the 
environment,  and  evaluated  for  coating  performance. 


Monitoring  and  Evaluation 

Gravimetric  Analysis.  After  retrieval,  the  uncoated  coupons  were  visually  inspected.  The 
severity  of  corrosion,  color  and  thickness  of  corrosion  products  on  the  coupons  were  recorded. 
They  were  then  cleaned  with  a  power  brush.  The  depth,  extent  and  pattern  of  corrosive  attack 
on  the  coupons  were  determined.  The  cleaned  coupons  were  weighed  to  determine  their  final 
weight  after  exposure,  and  corrosion  rate  of  each  coupon  was  calculated  in  mils  per  year  (mpy). 
Corrosion  rate  of  the  coupons  was  calculated  according  to: 


CR  (mpy)  = 


(Wj-Wf)  X  1000  X  365 
A  X  d  X  t 


where  mpy 
Wi  and  Wf 
A 
t 

d 


=  corrosion  rate  in  mils  per  year 
=  initial  and  final  weight  in  grams 
=  exposed  surface  area  in  square  inches 
=  exposure  time  in  days 
=  density  in  grams  per  cubic  cm. 


Chemical  Analysis.  Cbrrosion  products  collected  from  guide  tubes  and  pump  discharge 
pipes  in  the  lift  station  were  analyzed  by  X-ray  diffraction  and  X-ray  fluorescence  techniques. 
Samples  of  wastewater  from  the  lift  station  were  analyzed  in  the  la^ratory  for  pH,  biological 
oxygen  demand  (BOD)  chemical  oxygen  demand  (COD),  sulfide,  sulfate,  chloride,  total  solids, 
oil  and  grease,  dissolved  oxygen  and  ^cteria.  llie  results  of  chemical  analysis  were  reported  in 
earlier  publications  [1-3]. 
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Metallographic  Analysis.  Metallographic  samples  were  prepared  from  c(HToded  ductile 
iron  discharge  tube  (DI)  and  galvanized  steel  guide  tube  (GS)  in  the  lift  station.  Samples  of  1  x 
2  cm  size  were  cut  with  a  diamond  saw,  mounted  in  epoxy,  and  polished  to  0.5  micron  Otm). 
They  were  examined  using  a  Jeol  JSM  8^  Model  Scanning  Electron  Microscope  installed  wiA 
Energy  Dispersive  X-ray  Diffraction  (EDX)  capability. 

Coated  Coupons 

Preliminary  Observation  and  Surface  pH.  The  coated  coupons  were  examined  for  their 
general  condition  and  surface  deposits.  The  pH  of  the  surface  moisture  was  measured  using 
narrow-range  pH  papers.  The  coupons  were  then  washed  with  tap  water  and  dried  in  a 
desiccator  before  further  observations. 

Visual  Observations.  Visual  inspection  of  coated  coupons  was  conducted  using  the 
guidelines  in  Section  8  of  NACE  RP-02-81  [11].  Tliese  standards  recommend  establishing  a 
grading  system  for  visual  evaluation  of  coating  deterioration  and  suggest  ASTM  standards  fw 
grading  various  types  of  coating  deterioration.  The  ASTM  standards  consist  of  photographic 
references  representative  of  degrees  of  coating  deterioration.  The  following  inspections  were 
carried  out  and  an  optical  microscope  was  us^  whenever  recommended:  (1)  Rusting,  ASTM 
D610,  (2)  Blistering,  ASTM  D714,  (3)  Checking,  ASTM  D660,  (4)  Cracking,  ASTM  D  661, 
(5)  Flaking,  ASTM  D  772,  and  (6)  Erosion,  ASTM  D  662. 

The  visual  inspection  results  were  recorded  in  a  modiried  version  of  the  form  specified  in 
ASTM  1 150-74.  Miscellaneous  defects  and  damages  such  as  microscopic  pinholes,  mechanical 
wear  not  related  to  erosion  by  fluid,  and  microscopic  scratches  were  observed  during  inspection 
at  10-diameter  magnification  under  microscope.  These  were  arbitrarily  graded  on  a  numerical 
scale  l^m  10  to  0,  based  on  the  approximate  area  affected. 

Electrochemical  Measurements.  The  coated  coupons  were  immersed  in  a  0.5M  NaCl 
solution.  Small  coating  damages  at  comers  and  edges  on  some  of  the  coupons  were  repaired  by 
water  resistant  silicone  sealant,  prior  to  immersion.  Their  pen  circuit  potentials[12]  were 
measured  with  respect  to  a  standard  calomel  electrode  by  means  of  EG&G  Princeton  Applied 
Research  Potentiostat/Galvanostat  Model  273  interfaced  with  an  Apple  lie  computer  for 
automatic  data  acquisition  and  plotting  using  Parc  M332  software.  The  potential  variation  during 
the  first  15  minutes  after  immersion  was  monitored  and  recorded  every  five  seconds  since  a 
rapid  change  in  potential  was  expected  to  occur  during  this  interval.  Thereafter,  potential 
variation  was  monitored  and  recorded  every  20-25  seconds  for  one  hour.  For  coupons  still 
showing  a  fluctuating  potential  or  a  substantial  rate  of  change  of  potential  after  one  hour  of 
testing,  potentials  were  monitored  and  recorded  every  five  minutes  for  durations  of  8-12  hours. 
Finally  Ae  potentials  were  monitored  and  recorded  eveiy  24  hours  for  seven  days  and  every  72- 
100  hours  for  about  22  days.  The  daily  potential  measurements  were  supplemented  with 
determinations  of  coating  resistance[12]  using  a  Beckman  Model  HDIOO  digital  multimeter. 


Results  and  Discussion 

Visual  Inspection  and  Gravimetric  Analysis  of  Uncoated  Coupons 

The  results  of  visual  inspection  and  gravimetric  analysis  of  uncoated  coupons  are 
summarized  in  Table  2.  The  study  showed  unsuitability  of  metallic  materials  such  as  ductile  iron 
galvanized  steel,  brass  and  aluminium  as  structural  materials  in  aerobic  environment  in  the  lift 
station  without  adequate  protective  coating.  Ductile  iron  and  galvanized  steel  corroded  by 
generalized  pitting;  brass  corroded  by  dezincification  (dealloying)  and  pitting,  and  aluminium 
corroded  mainly  by  crevice  corrosion. 

Metallographic  investigation  of  corroded  ductile  iron  and  galvanized  steel  coupons  using 
SEM  and  EDX  techniques  figures  1  and  2)  showed  that  main  corrosive  species  were  sulfur 
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containing  compounds,  most  probably,  H2S  and  H2SO4.  Two  layers  of  corrosion  products 
were  identified  on  the  DI  coupon  (Figures  la  and  lb).  The  top  layer  (150  to  400  p.m  thick) 
generally  had  low  sulfur  content  throughout  the  bulk  of  the  layer  (Figure  le),  except  at  few 
locations  along  the  outermost  periphery,  where  sulfur  content  was  relatively  high  (Figure  10- 
Very  few  spherical  carbon  particles  (Figure  la)  were  present  embedded  in  the  top  layer 
indicating  corrosion  reaction  mechanism  involve  outward  migration  of  iron  atoms  to  react  with 
corrosive  species  at  the  surface.  The  EDX  spectra  showed  the  presence  of  sulfur,  some  silicon 
and  manganese  in  this  layer  (Figure  10-  The  innermost  corrosion  layer  (300  to  650  p,  thick) 
exhibited  the  propagation  of  corrosion  into  ductile  iron  (Figures  la.  Id).  The  EDX  spectra 
showed  the  presence  of  relatively  higher  sulfur  and  silicon  in  this  corrosion  layer  in  addition  to 
some  potassium,  phosphorous  and  chloride  (Figures  Ig  to  li).  The  results  indicate  that 
corrosion  of  DI  in  aerobic  environment  in  the  lift  station  occurred  due  to  two  majcH'  factors:  (1) 
sulfuric  acid  and  (2)  galvanic  effect  at  iron/graphite  interfaces  in  the  ductile  iron.  Corrosion 
starts  at  locations  with  relatively  high  cathodic/anodic  ratio,  ie.,  locations  with  high  population  of 
graphite  particles,  and  progresses  deeper  as  pits  along  graphite  spheres.  Thus  corrosion  forms 
2(X)-300  pm  deep  and  50-400  pm  wide  pits  (Figures  la.  Id). 

Chloride  ions  might  also  have  contributed  to  the  corrosion  of  DI  coupons.  Chloride  ions 
are  strong  depassivating  species  for  iron  based  alloys.  They  react  with  iron  to  produce  chlorides 
(ferrous  and  ferric)  and  ultimately  oxides  of  iron.  The  corrosion  products  most  probably 
consisted  mainly  of  ferric  oxyhydroxide  (Fe200H),  ferric  oxide  (Fe203)  at  the  outer  layer  and 
magnetite  and  ferrous  oxide  (FeO)  at  the  inner  layer.  Sulfur  was  most  probably  in  the  form  of 
iron  sulfate  (Fe2S04)  and  iron  sulfide  (FeS)  in  both  corrosion  layers.  There  was  not  enough 
evidence,  however,  to  show  that  phosphorous  had  significant  contribution  to  corrosion  of  the  DI 
coupon  in  this  case. 

Corrosion  of  the  GS  coupons  was  mainly  due  to  sulfur  containing  species  and  chloride 
dissolved  in  the  wastewater  (Figure  2b).  The  top  20-to-25  pm  thick  layer  of  the  zinc  coating 
(Figure  2a)  corroded  producing  probably  various  zinc  compounds  such  as  sulfide,  sulfate  of 
chloride  and  oxide  of  zinc  as  corrosion  products  (Figure  2b).  The  corroded  zinc  layer  developed 
wide  and  deep  cracks,  and  exposed  the  intact  layer  underneath  (Figure  2d)  to  further  corrosive 
attack.  The  uncorroded  zinc  layer  developed  fine  cracks  throughout  the  whole  thickness  of  the 
coating  as  seen  in  the  micrograph  (Figure  2a). 


Visual  Inspection  of  Coated  Coupons 

The  generic  type,  curing  agents,  percent  volume  of  solids,  surface  preparation 
requirements,  number  of  coats,  dry  film  thickness  and  finish  color  of  each  tested  coating  are 
presented  in  Table  3.  Visual  assessment  of  the  coatings  using  ASTM  standard  photographic 
references  are  presented  in  Figure  3.  A  rating  of  zero  indicates  complete  failure  and  ten 
represents  no  failure.  A  close  look  at  Figure  3  indicates  that  rusting  is  the  most  predominant  type 
of  deterioration  among  these  coatings.  However,  rusting  has  led  to  coating  failure  over  the  entire 
coupon  surface  in  only  two  cases:  C3  and  C4.  These  two  coating  systems  have  failed  due  to 
severe  corrosion  under  the  coating  film  leading  to  blistering,  cracking,  and  flaking  of  the  film 
over  the  entire  surface  [13]  The  other  coating  systems  appear  to  be  in  far  better  condition 
showing  only  minor  deterioration  at  a  few  isolated  locations.  The  results  are  summarized  in 
Table  4.  Ba^  on  the  visual  assessment,  the  eight  coatings  can  be  rated  as  follows  in  descending 
order  of  performance:  C7>C2>C6>C1>C5>C8>C3>C4. 

Electrochemical  Test  Results  of  Coated  Coupons 

Electrochemical  tests  were  conducted  on  six  of  the  eight  coupons.  The  two  coupons  not 
included  are  those  whose  coatings  had  completely  failed  during  field  exposure  (C3  and  C4). 
The  tests  resulted  in  short-  and  long-term  data.  The  short-term  data  consist  of  potential  vs.  time 
graphs  showing  (1)  variation  in  potential  during  the  first  15  minutes  after  immersion  (2)  the 
variation  in  potential  during  the  next  one  hour,  and  (3)  the  variation  during  longer  periods 
(between  2  and  12  hours,  depending  on  the  nature  of  the  coating).  The  long-term  data  consist  of 
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graphs  showing  variation  of  potential  and  coating  resistance  with  time  for  29  days.  The  short¬ 
term  potential  behavior  of  a  coating  is  an  aid  to  determining  the  presence  of  pinholes  or  defects. 
These  may  be  either  original  or  developed  during  field  exposure.  Long-term  test  results  are 
expected  to  give  an  idea  of  the  overall  protective  characteristics  of  the  coating.  The  variation  of 
potential  and  coating  resistance  are  summarized  in  Table  5.  Long-term  potential  and  resistance 
variation  of  the  coatings  are  shown  in  Figures  4-6.  Based  on  these  results,  the  six  coatings  are 
rated  as  follows  in  descending  order  of  performance:  C2>C5>C7>C6>C1>C8. 

Evaluation  of  Test  Results  for  Coated  Coupons 

The  results  obtained  from  visual  and  electrochemical  tests  and  other  data  are  presented  in 
Table  6.  The  table  does  not  include  data  on  the  two  coatings  which  completely  failed  in  the  field 
exposure  and  did  not  enter  electrochemical  testing.  The  table  indicates  that  the  two  tests  (visual 
and  electrochemical)  yielded  slightly  different  results.  However,  both  of  them  rated  as  the 
poorest  of  the  six  coatings  under  consideration.  This  coating  is  a  coal  tar  epoxy  resin,  which  is 
not  recommended  for  wastewater  service  due  to  its  limited  resistance  to  H2S  and  H2SO4 
exposure.  In  order  to  get  an  overall  performance  rating  of  the  six  coatings,  based  on  both  the 
tests,  a  point  system  has  been  used.  Each  coating  has  been  awarded  points  on  a  scale  of  1  to  6, 
depending  on  its  performance  rating  in  individual  tests.  The  coating  securing  the  highest  points 
is  considered  to  be  the  best.  The  results  are  shown  in  Table  6.  The  last  column  of  this  table 
indicates  that  C2  is  the  best  of  all  the  coatings  and  that  C7  is  the  second  best.  Based  on  the 
results  of  visual  and  electrochemical  tests  the  coatings  can  thus  be  grouped  as  follows: 


(a) 

Best 

C2  and  C7 

(b) 

Satisfactory 

C6  and  C5 

(c) 

Poor 

Cl  and  C8 

(d) 

Rejected 

C3  and  C4 

CONCLUSIONS 

1 .  Ductile  iron,  galvanized  steel  and  brass  coupons  corroded  severely  by  general  and  pitting 
corrosion  and/or  selective  leaching,  and  are  unsuitable  for  such  service  without  adequate  coating. 
The  aluminium  coupons  showed  crevice  corrosion  under  sludge  deposits,  while  the  stainless 
steel  coupons  developed  very  minor  corrosion  at  crevices.  The  latter  is  the  most  corrosion 
resistant  metal  in  sewage  environment.  The  PVC  and  GRP  coupons  also  were  unaffected  in  the 
sewage  environment. 

2.  The  corrosion  of  the  coupons  was  caused  mainly  by  hydrogen  sulfide,  sulfuric  acid  and 
chloride  ion  attack.  Corrosion  of  the  DI  coupons  progressed  faster  at  locations  of  high 
graphite/iron  ratio.  Although  phosphorous  was  detected  in  the  corrosion  products,  there  was  not 
enough  evidence  to  show  that  it  took  effective  part  in  the  corrosion  reactions.  The  GS  coupons 
corroded  by  corrosion  of  the  zinc  layer  first  by  hydrogen  sulfide,  sulfuric  acid  and  chloride  ions. 
The  corroding  zinc  layer  cracked  and  exposed  fresh  zinc  layer  underneath  to  further  corrosive 
attack  by  the  environment. 

3 .  Visual  and  electrochemical  assessment  of  performance  of  mild  steel  coupons  coated  with 
eight  different  coatings  from  three  well-known  manufacturing  companies  showed  that  C2, 
vinylester,  and  C7,  a  polyamine  cured  epoxy,  coatings  were  the  best  performers  in  H2S  and 
H2SO4  environment  in  sewage  lift  stations. 

Acknowledgement 

The  authors  wish  to  acknowledge  the  support  of  the  Royal  Commission  for  Jubail  and 
Yanbu,  General  Directorate  for  Jubail  Project,  for  this  work  under  KFUPM/RI  Project  No. 
25016. 


3818 


REFERENCES 


1 .  H.  Saricimen,  M.  Shamim,  M.  Maslehuddin,  and  I.M.  Allam,  Final  Report,  "Research 
Study  of  Corrosion  in  Wastewater  Lift  Stations,”  King  Fahd  University  of  Petroleum 
and  Minerals  Research  Institute,  Dhahran,  Saudi  Arabia  (1985). 

2.  H.  Saricimen,  M.  Shamim  and  I.M.  Allam.  "Case  study  of  deterioration  of  concrete  in 
sewage  environment  in  an  Arabian  Gulf  country,"  Durability  of  Building  Materials,  5 
(1987),  145-154. 

3.  H.  Saricimen,  M.B.  Mohammed,  M.  Shamim  and  B.  Wascik.  "A  case  study  of 
corrosion  of  metallic  structures  in  Sewage  Systems  in  Arabian  Gulf."  The  proceedings 
of  the  4th  ME  Corrosicn  Conference,  11-13  Jan.  1988,  Bahrain,  part  2,  pp.  193-205. 

4.  B.  Appleton.  Acid  test  for  Middle  East  drain  brains.  New  Civil  Engineering,  (Feb. 
1976),  pp.  20-23. 

5.  S.P.  Ewing.  "Electrochemical  Studies  of  the  Hydrogen  Sulfide  Corrosion  Mechanics," 
Corrsion,  11,  (1955),  pp.  497-501t. 

6.  D.H.  Hope,  D.J.  Duguette,  A.H.  Johannes,  and  P.C.  Wayncr.  Microbiologically 
influenced  corrosion  of  industrial  alloys.  Material  Performance,  (April  1984),  pp.  14- 
18. 

7.  A.F.G.  Rossouw.  Corrosion  in  Sewers.  Report,  National  Building  Institute,  Pretoria, 
South  Africa,  (1979). 

8.  W.P.  Iverson.  "Mechanism  of  anaerobic  corrosion  of  steel  by  sulfate-reducing 
bascteria."  Material  Performance,  (Mar.  1984),  pp.  28-30. 

9.  C.A.H.  Von  Wolzogen  Kuhr,  and  L.S.  van  der  Vlugt.  De  Grafituring  von  Gietizer  als 
electrobiochemich  Process  in  anaerobic  Gronden  (Graphitization  of  cast  iron  as  an 
electrobiochemical  process  in  anaerobic  soils).  Water  (the  Hague),  18, 16,  (1934),  147- 
165  (Received  from  Clearinghouse  for  Federal  Scientific  and  Technical  Information,  US 
Department  of  (Commerce,  Springfield,  Virginia. 

10.  Iverson,  W,P.  and  G.L.  Olson.  "Anaerobic  corrosion  by  SRB  due  to  highly  reactive 
volatile  phosphorous  compound,  microbial  corrosion,"  Proceedings  of  the  conference 
sponsor^  and  organized  jointly  by  the  NPL  and  the  Metals  Society,  held  at  NPL 
Teddington  on  8-10  (March  1983). 

1 1 .  NACTE  RP-02-8 1 ,  Section  8;  Published  by  National  Association  of  Corrosion  Engineers 
(1981). 

12.  J.H.  Payer.  "Electrochemical  Methods  for  Coatings  Study  and  Evaluation," 
Electrochemical  Techniques  for  Corrosion,  NACE/76  Meeting  (Houston,  TX:  National 
Association  of  Corrosion  Engineers,  1976). 

13.  Henry  Leidheiser,  Jr.  "Towards  a  Better  Understanding  of  Corrosion  Beneath  Organic 
Coatings,"  Corrosion,  39,  5,  (May  1983). 


3819 


Table  1.  Uiwoaied  corrosion  coupons  tested  in  die  lift  sation 


Material 

Description 

In  Use 

Alternative 

1.  Galvanized 
steel  (I) 

(Tut  fnxn  galvanized  guide  tube; 

2x3  inches  size 

Yes 

- 

2.  Galvanized 
steel  (II) 

Galvanized  chain  link,  taken  from 
the  chain  used  to  lift  the  submersiUe 
pumps 

Yes 

- 

3.  Ductile  Iron 

Cut  from  ductile  iron  discharge  pipe; 
2x3  inches  size 

Yes 

- 

4.  Polyvinyl 

Chloride  (PVC) 

Cut  from  PVC  pipes  used  for  inlet 
pipe  to  the  lift  station 

Yes 

- 

5.  AISI316SS 

Cut  from  commercially  available  SS 
plate;  2x3  inches  size 

- 

Yes 

6.  Aluminium 

Cut  from  commercially  available 
aluminium  plate;  2x3  inches  size 

- 

Yes 

7.  Brass 

Cut  from  commercially  availaUe 
brass  plate;  2x3  inches  size 

- 

Yes 

8.  Glass  ftbre 
reinforced 
plastic  (GFRP) 

(Tut  ftom  commercially  available 
GFRP  pipe 

• 

Yes 

=  Not  applicable 


Table  2.  Summary  of  uncoated  coupon  test  results 


Coupon 

Description  of 
Corrosion 

Coirosion 

rateMPY 

Description  of 

Deposits 

Ductile  Iron 

40  mils  deep  pits 

17.5 

1  mm  thick.  Loose  light 
brown  top,  black  bottom 

Galvanized 

Steel 

20-40  mils  deep  pits 

14.5-19.4 

<1/2  mm  thick.  Brown 
top  layer.  Black  lower, 
layer 

Aluminium 

Thinning  and 
Grooving 

7 

No  deposits.  Light 
suining 

Brass 

General  and  pitting 
corrosion,  and 
selective  leaching 

24.6 

Some  whitish  deposits. 

Thin  film  distributed  in 
patches,  golden  and 
brown  coloration 

AISI316SS 

Mild  crevice 

0.85 

No  deposits 

PVC 

None 

0 

No  deposits 

GRP 

None 

-4.8 

Weight  pin  due  to  water 
absorption 
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Table  3.  Types  and  characteristics  of  tested  coatings 


Remarks 

One  coat  system 

One  coat  system 

Surface  prep,  for 

Concrete; 

-Free  from  litance  by 
sand  blasting. 

-Moisture  content 
concrete  should  be 
max.  4%. 

One  coat  system 

0 

C 

J 

j 

c 

i 

i 

i  ^ 

t— 

N/A 

N/A 

100-200 

60-75 

125-150 

7450 

N/A 

I 

1 

CO 

200-300 

200-300 

100-200 

75-100 

125-150 

3000  to 
5000 

300 

Surface 

ration 

SA2.5 

SA2.5 

SA2.5 

SA2.5 

SA2.5 

SA2.5  for 
steel.  For 
concrete, 
see  remarks 
column 

SA2.5 

Recom- 

subs¬ 

trates 

Steel 

Steel 

Steel 

Steel 

Steel 

Concrete 

steel 

Steel 

Color 

of 

fuiish 

White 

White 

Blade 

Metallic 

white 

Blade 

Greenish 

grey 

White 

Q 

T 

7 

c/ 

d 

« 

£ 

2nd  coat 

N/A 

N/A 

N/A 

3541% 

72% 

100% 

N/A 

1st  coat 

100% 

100% 

71% 

42% 

72% 

100% 

100% 

1 

\ 

a 

C. 

c/ 

1 

2 

ti 

(/ 

> 

u 

C 

2 

P 

e 

Top  coat 

2nd  coat 

N/A 

N/A 

Same  as 
fust  coat 

High  build 
chlorinated 
rubber  with 
inert  pigments 

Same  as 
fust  coat 

A  solvent  free 
amine  cured, 
two  component 
epoxy  resins 
coating 

N/A 

Primer 
(1st  coat) 

Vinyl  ester 
with  binder 

Vinyl  ester 
with  binder 

A  high  performance  coal 
tar  epoxy,  consisting  of 
two  components 

High  build  micacious 
iron  oxide  primer  based 
on  chkmni^  rubber 

A  two  component,  high 
build,  polyamide  cured 
qmxy  coaung 

A  solvent  free  two  pack 
compound  based  on  epoxy 
resins,  cured  with  amine 
hardner 

A  polyamine  cured  epoxy 
coating 

\ 

Cl 

C2 

C3 

C4 

C5 

C6 

C7 
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Amine  addua  cured  coal  tar  |N/A  54%  ll^A  Black  ISleel  I  SA2.S  1200  i  N/A  I  Sameasdtove 
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Tabic  5.  Summary  of  electrochemical  vest  data 


Conclusion 

Initial  permeability  is  higher  than 
C5  but  lower  than  C6. 

Film  breakdown  started  in  Held 
exposure. 

Initial  permeability  very  low  and 
no  pinholes  present  initially. 

It  appears  that  coating  is  stilt 
abso^ing  water  and  point  of 
breakdown  is  not  reached.  For 
definite  conclusion  more  testing 
is  necessary. 

Permeability  of  sound  coating  is 
low  but  pinholes  are  presenu 

Point  of  coating  breakdown  not 
yet  reached. 

Permeability  high  due  to 
pinholes.  Point  of  breakdown 
after  24  hrs.  of  lab  lest. 

Permeability  very  low,  no  voids 
and  pinholes  in  the  beginning. 
Coating  film  breakdown  started 
after  4S0  hrs.  in  the  test. 

Permeability  moderate  but  film 
breakdown  has  started  during 
field  exposure 

</> 

C 

o 

« 

i 

> 

o 

o 

V 

'(? 

4> 

QC 

ea  g  3 
£  5  73 
0.  <> 

oo^  oG  “G  ^q 

lAS  t-.  aS  •^ii4  oS  TfS 

a  2 

aOT3 

K  C 

o  q  c!  o  q  • 

(S  »  NO  •  ^  ^ 

#  C**  ^  A 

CQ  ^ 

'£Q  2 

G  a  ooG  a  , 

25  ::5  oai 

||q 

£  >  S 

>20 

>20 

7 

>20 

>20 

M-n 

c 

£ 

o 

i 

ec 

C 

LU 

<2 

ta 

ti! 

* 

1.23 

<3.25 

0.015 

> 

620 

7 

* 

620 

535 

625 

c 

'« 

u 

v 

a: 

« 

1 

<£ 

Final  Drop 

potential 

mv/min 

0.011 

0.52 

3.33 

0.065 

• 

Regained 

potential 

1  -mv 

205 

465 

300 

005 

* 

i  Potential  Droo  1 

Drop 

rate 

mv/mi 

18 

0.34 

0 

5.35 

0.08 

12 

0.5 

0.7 

III 

Final 

-mv 

480 

545 

414 

450 

636 

700 

960 

500 

618 

et 

1> 

S  ? 

a)  210 

b) 480 

a)  414 

b) 414 

1) 395 

2) 636 

654 

425 

548 

Film 

Thickness 

(urn) 

200-300 

200-300 

250 

3500 

300 

200 

1 

Cl 

C2 

C5 

C6 

C7 

C8 
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DrqVRegain  not  noticed.  ?  a  Not  clear.  -  a  Not  measuredA^culaied.  M-Q  a  Mega-Ohms.  K-O  a  Kilo-Ohms. 


Table  6.  Evaluation  of  coating  test  results 


Coating 

Generic 

Visual  inspection 

Electrochemical 

Total 

Overall 

System 

Type 

Rating 

Points 

Rating 

Points 

Points 

Rating 

Cl 

Vinyl  ester 

3 

4th 

2 

Sth 

5 

4th 

C2 

Vinyl  ester 

5 

2nd 

6 

1st 

11 

1st 

C5 

Pdyamide 

cur^q)oxy 

coating 

2 

5th 

5 

2nd 

7 

3td 

C6 

Amine  cured 
epoxy  resin 

4 

3rd 

3 

4th 

7 

3rd 

Cl 

Polyamide 

cui^qwxy 

6 

1st 

4 

3id 

10 

2nd 

C8 

Amine  adduct 
cured  coal-tar 
epoxy 

1 

6th 

1 

6th 

2 

Sth 
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VFSsSn  wjo 


VFS=512  10.2<.0 


VFS=512  10.240 


VFS=S12  10.240 


T'i^;ure  1:  (a),(b),  (c)  and  (d)  SEM  micrograph  of  a  polished 

section  showing  corrosion  of  ductile  iron  in  tne  lift 
station,  (e)  through  (i)  EDX  spectra  of  corresponding 
points  as  marked  on  the  micrographs. 


Fioure  2:  (a)  SEM  nicrograph  of  a  polished  section  showing 
corrosion  of  galvanized  steel  coupon  in  the  lift 
station,  (b)  through  (d)  EDX  spectra  at  points  (XI) 
through  (X3)  as  marked  on  the  micrograph. 
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Figure  3:  Visual  assessment  of  coating  deterioration. 
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Long-term  potential  and  resistance  variation;  (a)  and  (c)  Coating  C5,  and 
(b)  and  (d)  Coating  C6. 
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Abstract 

The  growth  and  transport  in  oxide  films  formed  on  (100)  silicon  (p-l^pe)  in 
oxygen  at  10  ton*  (1.33  kPa)  at  temperatures  of  950  and  1050”C  were  studied  using 
the  ^‘O^IMS  technique.  Samples  were  oxidized  sequentially,  first  in  ^”0,  and  then 
in  '^O,,  for  various  times  totalhng  up  to  48  h  to  produce  films  in  the  thickness  range 
2-100  nm.  Paralinear  and  parabolic  oxidation  kinetic  behaviour,  derived  from  the 
SIMS  data,  were  shown  at  950  and  1050X1,  respectively.  Sputter  profiles  of  both  ^”0- 
a  ^X)-containing  spedes  (Si,0^)  showed  the  distribution  of  eadi  within  the  thin 
oxide  films.  The  ^”0  is  localiz^  in  the  vicinity  of  the  gas-oxide  interface  (so-called 
surface  region)  and  at  the  Si-SiO,  interface  (so-called  interface  region).  The 
concentration  of  ^”0  in  both  regions  increases  with  increasing  time  of  exposure  to  ^X)], 
but  the  rate  of  increase  of  ”0  in  the  inter&ce  region  and  its  proportion  relative  to  the 
surface  region  are  greater.  The  maximum  in  the  SIMS  profile  of  the  ^*0-containing 
spedes  in  the  surface  region  indicates  that  oxygen  has  diffused  through  the  oxide 
during  oxidation.  The  SIMS  data  suggest  that  the  inward  diffusion  probably  occurs 
along  short  drcuit  paths  such  as  micropores  extending  to  the  Si-SiOj  interface. 

Key  terms:  silicon,  thermal  oxide,  kinetics,  SIMS,  ragmen  transport 
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Introduction 


Thermally  formed  silicon  dioxide  on  Si  has  been  studied  for  many  years  because  of 
its  use  in  the  fobrication  of  silicon-based  devices.  Current  interest  is  being 
maintained  by  industrial  requirements  for  very  thin  dielectric  SiO,  films  for 
submicron-scale  integrated  circuits.  In  1965  Deal  and  Grove'  showed  that  the 
oxidation  growth  kinetics  in  dry  oxygen  could  be  expressed  by  a  linear-parabolic 
equation  for  films  thicker  than  about  30-50  nm.  Since  that  time  there  have  been 
many  attempts  to  model  the  oxidation  behaviour  for  thicknesses  >30  nm,  where  the 
data  deviate  fi:om  the  linear-parabolic  relationship.  There  is  still  much  discussion 
regarding  the  most  appropriate  model  to  explain  the  kinetic  behaviour^;  there  appears 
to  be  no  general  agreement  regarding  further  experimentation  to  resolve  the  issue. 
More  recently,  transport  mechanisms  during  thermal  oxide  growth  have  been  studied 
using  '”0  as  a  tracer.  These  studies^  have  shown  that  inward  oxygen  difiusion 
occurs.  The  determination  of  the  '*0  distribution  within  the  oxide  film  also  provided 
valuable  additional  information  on  the  oxidation  mechanism.  The  present  paper 
deals  with  the  oxidation  of  Si(lOO)  over  the  oxide  thickness  range  2-100  nm  at  950 
and  1050°C  and  an  oxygen  pressure  of  10  torr  (1.33  kPa)  using  the  ‘‘O/SIMS 
technique”  developed  for  metal-oxygen  systems.  Molecular  species  of  the  type  MaO*^ 
rather  than  the  usual  O'  ions  were  profiled  to  elucidate  the  transport  properties  in 
the  oxide  and  to  substantiate  the  oxide  growth  mechanism. 


Experiment 

Samples  (approximately  3  cm”)  were  cut  fium  a  4  inch  double-sided  polished  wafer 
of  p-type,  Si(lOO),  resistivity  6-10  Qxm  (impurities  >1  ppm  by  weight  are:  C  2,  N  4, 
O  34).  They  were  etched  for  1  min  in  1%  HF,  rinsed  with  doubly-distilled  water  and 
subsequently  dried  in  a  jet  of  Zero  Gas  compressed  air  and  inserted  immediately  into 
a  high  vacuum  oxidation  apparatus.  The  HF  etch  removes  the  native  oxide 
completely,  leaving  a  stable,  hydrogen-terminated  surface'”’".  Oxidation  experiments 
were  carried  out  for  various  times  at  950  and  1050°C  at  a  system  pressure  of  10  torr 
(1.33  kPa).  Prior  to  each  experiment  the  reaction  chamber  was  exposed  to  oi^en  at 
about  1  torr  (133  Pa)  hi;  15  min.  All  samples  were  heated  to  temperature  in  O,  and 
allowed  to  cool  in  Oo  at  the  end  of  the  experiment;  they  were  usually  oxi^zed 
sequentially,  first  in  '"Oj  (containing  <3  ppm  HjO)  and  then  in  (nominally  97.0- 
99.0%  '”0  and  containing  a  few  ^um  H^O).  Oxidized  samples  were  examined  by 
SIMS  depth  profiling  to  determine  the  oxygen  distribution.  The  SIMS  analyses  were 
performed  as  described  previously”,  except  that  sputtering  was  done  with  1  keV  xenon 
ions  at  33°  off  the  sample  non^.  SIMS  profiles  were  obtained  for  all  oxidized 
samples  and  the  results  are  presented  as  atomic  concentration  versus  sputter  time 
in  minutes.  The  profile  for  the  species  containing  '”0  is:  ^'Sij'^O'^  (mass  72);  the 
corresponding  proffle  for  that  containing  is:  ^i3'”0  (mass  74).  The  profile  for 
””SV  (mass  84)  is  a  convenient  indicaticn  of  the  Si-SiO,  interface,  since  there  is  no 
Sia*^  signal  from  the  oxide.  The  74  signal  was  corrected  for  the  contribution  of 
the  ””Si””Si'”0'^  and  ””Si2'*0'^  signals  by  subtracting  6.96%  of  the  mass  72  peak.  A 
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suitable  value  for  the  sensitivity  of  the  mass  84  signal  was  found  to  be  3%  of  the 
mass  72  or  mass  74  signals. 


Results  and  Discussion 


Kinetics 

It  was  not  possible  to  determine  the  oxidation  kinetics  by  continuous  oxygen  uptake 
measurements.  Oxide  film  thicknesses  were  estimated  instead  firom  the  mass  84 
profile  produced  during  SIMS  anal3rsis  of  each  oxidized  sample.  The  maximum  in  the 
mass  84  was  determined  to  be  indicative  of  the  position  of  the  Si-SiO,  inter&ce.  The 
rationale  for  using  the  mass  84  maxima  is  described  in  the  Appendix.  The  film 
thickness  was  calculated  firom  the  average  sputter  rate  (nm/min),  which  was 
determined  by  comparing  oxide  thicknesses  of  many  samples  oxidized  at  both  950  and 
1050°C  measured  by  transmission  electron  microscopy  (TEM)  with  sputter  times  at 
the  mass  84  maximum.  Figures  1  and  2  show  the  kinetic  data  thus  obtained  for  950 
and  1050°C  for  a  series  of  samples  oxidized  from  a  few  minutes  up  to  48  h.  Each 
point  on  the  graph  represents  a  separate  experiment.  "Intermediate  points"  for  eadi 
experiment  were  determined  from  the  SIMS  data  from  the  area  under  the  mass  72 
(^Sij^^^)  profile.  This  area  gives  the  percentage  of  the  total  oxide  film  present  as 
‘^-oxide  and  thus  the  extent  of  oxidation  at  the  changeover  firom  to  The 
calculated  sputter  time  at  the  gas  change  is  approximately  the  same  for  any  given 
exposure  time  in  Both  the  final  and  intermediate  points  for  each  experiment  at 
OfiO’C  are  shown  in  Figure  1  (as  a  circle  and  a  cross,  respectively).  The  data  points 
from  zero  time  to  12  h  may  be  best  fitted  to  a  parabolic  rate  equation  (solid  line), 
while  the  data  fi'om  20  h  onwards  show  a  good  fit  to  a  linear  rate  equation  (dashed 
line)  as  demonstrated  by  least  squares  fits  to  these  data.  The  final  and  intermediate 
points  for  the  data  at  1050°C  are  identified  in  Figure  2  (again  as  a  circle  and  a  cross, 
respectively).  In  contrast  to  the  950"C  data  there  is  no  obvious  long  term  linear 
region  and  the  data  at  all  times  are  best  fitted  to  a  parabolic  rate  relation  as  shown 
by  the  solid  line  in  Figure  2. 

In  many  studies  the  Deal-Grove  equation* 


x’  +  Ax  *  B(t  +  tb) 


(1) 


where  x  is  the  oxide  thickness,  t  is  the  oxidation  time,  t^  is  the  initial  oxidation  time 
corresponding  to  the  initial  oxidation  thickness  and  B  and  (B/A)  are  the  parabolic  and 
linear  rate  constants,  respectively,  has  been  used  to  describe  the  oxidation  kinetics. 
This  equation  can  be  used  in  its  limited  form  for  thinner  films 


x*(B/AXt  +  t,) 


(2) 
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to  get  the  value  of  the  linear  rate  constant,  (B/A),  from  the  kinetic  data  at  950^ 
(dashed  line  in  Figure  1).  This  equation  is  appropriate  even  if  there  is  an  initial 
parabolic  region.  A  value  of  0.012  nm/min  is  obtained.  An  estimate  from  other  data 
by  van  der  Meulen  gives  a  value  for  the  rate  constant  of  0.03  nm/min*^.  The  oxidant 
in  this  case,  however,  was  a  1%  O^/Nj  mixture  at  1  atm  (100  kPa)  total  pressure. 
With  regard  to  the  initial  data  at  950°C,  which  conforms  very  closely  to  parabolic 
behaviour,  the  Deal-Grove  equation  can  be  hirther  simplified  to  the  form 


x*  =  Bt 


(3) 


where  t„  is  essentially  zero  under  the  present  sample  preparation  procedures.  The 
value  of  the  parabolic  rate  constant,  B,  is  found  to  be  equal  to  0.67  nmVmin  (s  0.11 
AVsec  at  1  torr,  where  B  is  directly  proportional  to  pressure*).  This  value  is  very 
similar  to  those  calculated  by  Adams  et  al.*^  from  a  collection  of  published  data 
extrapolated  to  953°C  and  1  torr  ranging  from  0.08-0.25  AVsec.  Adams  et  al.  found 
that  their  data  fitted  closely  to  a  parabolic  rate  law,  apart  from  a  short  initial 
deviation,  for  oxide  thicknesses  up  to  about  11  nm. 

The  value  for  B  derived  from  the  1050“C  kinetic  data  is  3.54  nmVmin.  This  value  and 
that  calculated  at  950*‘C  above  also  agree  closely  with  those  extracted  by  Han  and 
Helms**  from  fitting  a  parallel  oxidation  model  to  experimental  growth  rates  from 
various  authors.  In  the  case  of  the  1050°C  data,  there  is  no  obvious  linear  region,  but 
as  Han  and  Helms  point  out  a  linear  region  between  two  parabolic  regions  would  be 
of  short  duration  at  increasing  temperature  and  decreasing  pressure. 


SIMS  Data 

Analysis  of  the  SIMS  profiles  for  samples  oxidized  only  in  *®02  permits  the  **0 
content  of  the  oxide  films  to  be  determined*®.  After  allowing  for  the  *®0  content  of  the 
*®02  and  for  the  fact  that  the  HF  pretreated  surface  is  essentially  oxide-free,  there 
remains  a  small  amount  of  *®0.  It  is  believed  that  this  arises  from  exchange  of  *®0 
in  the  film  with  *®0  from  atmospheric  water  vapour  during  transfer  to  the  SIMS 
system**.  The  oxides  produced  at  both  950  and  1050‘’C  are  very  clean;  they  are 
contaminated  only  with  adventitious  C  on  the  surface  as  well  as  -0.4  at%  N  within 
the  bulk  (as  detected  by  XPS).  The  N  impurity  concentration  is  most  likely  due  to 
trace  amounts  within  the  oxygen  gas  (**02). 

Examples  of  SIMS  profiles  for  samples  oxidized  at  both  950  and  1050°C  for  short  and 
long  times  are  shown  in  Figures  3a  and  b,  respectively.  In  Figure  3a  the  sample  was 
oxidized  at  950“C  for  24  h  in  **62  and  12  h  in  **©2  to  produce  an  oxide  39.1  nm  thick. 
In  Figure  3b  the  sample  was  oxidized  at  lOSOX  for  2  h  in  **©2  and  1  h  in  **©2  to 
produce  an  oxide  26.7  nm  thick.  The  Sij**©^  SIMS  profiles  show  that  the  **0  is 
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concentrated  in  two  distinct  regions  in  the  oxide  film,  namely,  in  the  vicinity  of  the 
Oj-SiOj  (so-called  surfoce  region^)  and  Si-SiO^  (so-called  interface  region^)  interfaces. 
For  relatively  thin  oxides  grown  over  short  times  with  proportionally  large  ‘“Oj 
exposure  times,  the  two  regions  show  some  overlap.  For  thicker  films  and  relatively 
long  oxidation  times,  however,  the  two  ^*0  regions  are  well-separated.  The 
percentage  of  in  the  oxide  at  both  950  and  1050°C  is  similar  for  a  given  ratio  of 
oxidation  time  in  *^0,  to  that  in  showing  that  the  oxidation  process  does  not 
change  with  time. 

The  amount  of in  the  surface  and  interface  regions  increases  with  increasing  time 
of  exposure  to  This  is  shown  in  Figures  4a  and  b  for  samples  oxidized  at  950 
and  1050‘’C  for  a  fixed  time  in  and  increasing  times  in  ‘®02.  This  observation  is 
in  agreement  with  the  results  of  Rochet  et  al.*  for  oxidation  pressures  of  0.1  to  100 
torr  (0.0133  to  13.3  kPa)  for  oxide  thicknesses  of  5  to  260  nm  grown  at  930°C  and 
with  those  of  Han  and  Helms’  at  1  atm  pressure  (100  kPa)  and  1000“C  for 
thicknesses  in  the  range  5-15  nm.  Han  and  Helms  determined  that  at  this  pressure 
the  surface  peak  contains  about  7%  of  the  total  '*0  concentration  for  1  h  in  ‘“Oj  and 
0.5  h  in  and  an  oxide  thickness  of  13.0  nm  grown  in  ^^02-  The  present  results 
show,  however,  that  for  similar  exposure  times  the  surface  peak  comprises  about  32% 
and  63%  of  the  total  ‘*0  concentration  at  950  and  1050“C  for  ‘®0-oxide  film 
thicknesses  of  1.4  and  4.8  nm  respectively.  Rochet  et  al.*  have  determined,  however, 
that  the  percentage  of  in  the  surface  region  increases  with  decreasing  film 
thickness  and  oxygen  pressure  and  can  reach  50%  for  5  nm  thick  films  at  10  torr 
(1.33  kPa).  The  present  data  thus  appear  consistent  with  those  in  the  literature. 

In  agreement  with  the  data  of  Han  and  Helms’,  Figure  4  shows  that  both  the 
surface  and  interface  peaks  increase  with  increasing  oxidation  time.  The  rate  of 
increase  in  the  amount  of  in  the  interface  region  is  greater  than  that  in  the 
surface  region  in  both  cases  and  the  proportion  of '*0  in  the  interface  region  increases 
with  time.  The  inward  movement  of  the  profile  maxima  in  the  interface  region 
refiects  the  increase  in  oxide  thickness  with  increasing  time  of  exposure  to  *^02  and 
continuing  oxide  formation  at  this  interface.  The  increase  in  the  amount  of 
present  in  the  surface  region  could  be  the  result  of  the  inward  displacement  of  ‘®0 
within  the  network  oxide.  Rochet  et  al.^  refer  to  this  as  a  stepwise  motion  of  network 
oxygen  atoms.  Approximate  values  for  the  network  oxygen  diflusion  coefficients  may 
be  calculated  from  the  surface  region  profiles  shown  in  Figures  4a  and  b.  The 
average  values  for  950  and  1050“C  are  found  to  be  2  x  10  **  and  4  x  10  “  cm^  sec*, 
which  agree  with  those  quoted  by  Han  and  Helms’.  The  transport  process  is 
equivalent  to  an  oxygen  uptake  in  the  oxide  layer  and  is  confirmed  by  the 
intermediate  points  calculated  earlier  (Figures  1  and  2)  corresponding  to  the 
changeover  from  *®02  to  *®02  lying  on  the  kinetic  curve  defined  by  the  final  data 
points.  If  none  of  the  *^0  in  this  region  was  due  to  oxide  formation  then  these 
intermediate  points  would  not  fit  on  this  curve. 

The  **0  profiles  obtained  using  the  ‘*O^IMS  technique®  for  oxide  films  grown 
sequentisdly  in  and  ‘“Oj  can  be  used  to  distinguish  between  lattice  and  short- 
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circmt  dif!usion*^.  The  form  of  the  ‘*0  profiles  obtained  in  the  present  case,  namely 
localization  at  the  Oj-SiO,  and  Si-SiOj  interfaces,  indicates  that  during  oxidation 
oxygen  has  migrated  through  the  film  by  short  circuit  diffusion  to  form  new  oxide  at 
the  Si-SiOj  interface.  These  short  circuit  paths  may  be  pores  or  channels  extending 
to  the  Si-SiOj  interface.  Irene'^’^^  has  postulated  the  existence  of  fine  pores  to  explain 
the  kinetic  growth  behaviour  of  SiO,  films  at  temperatures  in  the  range  780  to  980°C 
at  1  atm  (100  kPa).  Such  micropores  have  been  observed  directly  by  TEM  and  have 
been  found  to  be  of  the  order  of  1  nm  in  diameter  for  9  nm  thick  oxide  films  grown 
in  dry  oxygen*^.  Such  pores  could  allow  rapid  transport  of  oxidant  to  the  Si-SiOj 
interface,  short  circuiting  the  slower  lattice  diffusion,  particularly  at  lower 
temperatures. 


Conclusions 

The  oxidation  kinetics  of  Si(lOO)  at  950°C  in  10  torr  (1.33  kPa)  Oj  are  consistent  with 
linear  oxide  growth  for  oxide  thicknesses  exceeding  about  20  nm.  For  thicknesses 
from  2-20  nm,  and  for  the  entire  thickness  range  at  1050°C,  the  kinetics  conform 
closely  to  a  parabolic  rate  equation.  SIMS  analyses  have  confirmed  that  oxidation 
occurs  by  oxygen  transport  through  the  growing  oxide  film.  New  oxide  is  formed  in 
the  outer  part  of  the  film,  but  the  predominant  reaction  is  that  of  oxide  formation  at 
the  Si-SiOj  interface.  The  SIMS  data  also  support  the  view  that  short  circuit 
diffusion  via  fine  micropores  in  the  oxide  film  predominates  under  the  present 
conditions. 
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Appendix 

The  Sig*  (mass  84)  or  Si/  (mass  112)  intensity-depth  profiles  can  be  used  to  give  an 
indication  of  the  position  of  the  Si-SiOg  interface,  as  the  intensity  rises  abruptly  when 
the  Si  substrate  has  been  reached.  Four  different  points  on  the  mass  84  and  mass 
112  profiles,  namely,  the  mass  84  maximum,  50%  of  the  mass  84  maximum,  the  mass 
112  maximum  and  50%  of  the  mass  112  maximum,  were  selected  as  possible 
indicators  of  the  Si-SiOj  interface.  The  sputter  times  for  four  samples  oxidized  at 
950“C  were  determined  at  each  of  the  four  points  and  these  values  were  plotted 
against  the  oxide  thickness  of  each  sample  as  determined  from  XPS.  Details  of  the 
method  used  to  calculate  oxide  thicknesses  from  XPS  are  given  elsewhere^.  The  data 
points  for  the  mass  84  maximum  from  each  sample  showed  the  closest  extrapolation 
through  zero  thickness  and  this  point  on  the  mass  84  profiles  was  therefore  taken  as 
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the  most  appropriate  indication  of  the  Si-SiOj  interface.  Figure  A1  (short  term) 
shows  a  t3rpical  mass  84  profile  (in  count  rate  per  second  versus  sputter  time)  in  the 
vicinity  of  the  Si-SiOj  interface  for  a  sample  oxidized  for  a  total  of  1.1  h  at  950^. 
The  sputter  time  at  this  maximum  is  converted  to  oxide  thickness  using  the  sputter 
rate  calculated  from  a  comparison  of  sputter  times  at  this  point  with  oxide 
thicknesses  obtained  from  transmission  electron  micrographs  of  fhaicture  sections  of 
samples  oxidized  for  different  times  at  both  950  and  1050°C. 

For  oxide  thicknesses  greater  than  about  25  nm  at  either  950  or  1050°C,  there  is  no 
clear  maximum  in  the  mass  84  profile  as  shown  in  Figure  A1  (long  term)  for  a  sample 
oxidized  for  a  total  time  of  36  h  at  950°C.  In  such  cases  the  position  of  the  Si-SiOj 
interface  is  estimated  as  follows.  The  statistical  average  of  the  difference  between 
the  sputter  times  at  85%  of  the  Sij**©*  (mass  74)  maximum  (position  PI,  Figure  A2) 
prior  to  the  mass  84  maximum  and  at  the  mass  84  maximum  (position  P2,  Figure  A2) 
is  determined  from  the  SIMS  data  for  short  term  experiments.  (85%  of  the  signal  in 
the  region  of  an  oxide-substrate  interface  has  been  found  by  experience  to  be  a 
position  close  to  this  interface  for  oxide-metal  systems.)  This  difference  value  (P2  - 
Pl)is  then  added  to  the  sputter  time  at  85%  of  the  mass  74  maximum  for  the  long 
term  experiments  to  give  the  estimated  sputter  time  for  the  mass  84  maximum.  The 
value  is  0.6  min  (a  =  0.4  min)  for  the  950"C  data  and  1.2  min  (o  =  0.6  min)  for  the 
1050“C  data. 
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Fig.  1.  Oxidation  kinetics  of(100)Si  at  95<rC  and  1.33  kPa  Oj  pressure.  The  final  points  (circles)  were 
determined  from  the  maxima  in  the  Sig*  SIMS  profiles,  which  indicate  the  position  of  the  Si-SiO, 
interface.  The  intermediate  points  (crosses)  were  determined  from  the  area  under  the  mass  72 
(Si,'*0*)  profile,  which  gives  the  percentage  of  the  total  oxide  present  as  '*0-oxide  and  thus  the  amount 
formed  at  the  changeover  from  '*0]  to  "Oj.  Hie  solid  and  dashed  lines  are  parabolic  and  linear  least 
squares  fits  to  the  data. 
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Fig.  2.  Oxidation  kinetics  of  (100)Si  at  1050^  and  1.33  kPa  Oj  pressure.  The  final  points  (circles) 
were  determined  from  the  maxima  in  the  Si,*  SIMS  profiles,  which  indicate  the  position  of  the  Si-SiO, 
interface.  Hie  intermediate  points  (crosses)  were  determined  from  the  area  under  the  mass  72 
(Si,'*0*)  profile,  which  gives  the  percentage  of  the  total  oxide  present  as  '*0-oxide  and  thus  the  amount 
formed  at  the  changeover  from  '*0,  to  '*0,.  The  solid  line  is  a  parabolic  least  squares  fit  to  the  data. 


3838 


0  10  20  30  40  50 

SPUTTER  TIME,  min 

Fig.  3.  SIMS  composition-depth  profiles  for  oxide  films  formed  on  (100)Si  at  1.33  kPa  Oj  pressure  (a) 
at  950°C  after  24  h  in  and  12  h  in  ’*02;  total  oxide  thickness  is  39.1  nm  and  (b)  at  1050”C  after 
2  h  in  ’*02  and  1  h  in  ’*02;  total  oxide  thicluiess  is  26.7  nm. 
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Fig.  4.  SIMS  composition-depth  Sis’^O^  profiles  for  oxide  films  formed  on  (100)Si  at  1.33  kPa  O, 
pressure  (a)  at  95(fC  after  4  h  in  and  1,  2  and  4  h  in  “Oj  and  (b)  at  1050°C  after  2  h  in  and 
0.5,  1  and  2  h  in 
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Fig.  Al.  SIMS  intensity-depth  Sia*  (mass  84)  profiles  in  the  Si-SiOj  interface  region  for  SidOO) 
oxidized  at  950°C  and  1.33  kPa  O,  pressure  for  (a)  the  short  term  (1.1  h)  and  (b)  the  long  term  (36  h). 
(The  long  term  profile  has  been  truncated  for  plotting  convenience.) 


SPUTTER  TIME,  min 

Fig.  A2.  SIMS  intensity-depth  profiles  for  SidOO)  oxidized  at  950”C  and  1.33  kPa  Oj  pressure  for  1.1  h 
showing  85%  of  the  Sij'^O*  (mass  74)  maximum  (position  PI)  prior  to  the  Sis*  (mass  84)  maximum  and 
the  Sis*  (mass  84)  maximtun  (position  P2). 
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Abstract 

The  oxidation  behaviour  of  TiAI-base  intmetallics  was  investioated  at  800°C  in  air 
with  main  emphasis  being  placed  on  the  effect  of  niobium  acraitions  on  the  scale 
growth  mechanisms.  For  this  purpose  titanium-aluminum  alloys  with  various 
additions  of  niobium  were  investigated  during  cyclic  oxidation  or  exposure  times  up 
to  3000h.  The  scale  growth  mechanisms  during  the  early  stages  of  oxidation  were 
studied  by  a  two-stage  oxidation  technique  using  tracer.  The  scales  formed 
during  this  oxidation  process  were  analysed  by  SNMS.  Nitrogen,  which  is  known  to 
significantly  inluence  the  oxidation  behaviour  of  titanium  aiuminides.  was  found  to 
form  nitrides  at  the  metal/oxide  interface.  Niobium  was  incorporated  predominantly 
in  the  titanium  dioxide  and  in  the  nitride-containing  layer  at  the  oxide/metal 
interface.  The  positive  effect  of  niobium  on  the  oxidation  resistance  is  believed  to  be 
caused  by  a  decreased  oxygen  vacancy  concentration  in  the  titanium  dioxide  due  to 
niobium  doping  of  the  rutile  lattice.  A  stabilizing  effect  of  niobium  on  the  nitride- 
containing  layer  might  play  an  additional  role. 


Key  terms;  titanium  alumlnide,  oxidation,  ^®0-tracer,  SNMS 


Introduction 

intermetallic  phases  on  the  basis  of  y-TiAl  are  considered  as  construction  materials 
for  cases  where  low  density  in  combination  with  high  mechanical  strength  is  a  major 
design  requirement  T  A  drawback  for  the  application  of  titanium  aiuminides  in  high 
temperature  components  is  their  poor  resistance  against  oxidation  at  temperatures 
above  700“C  2.3.  a  special  property  of  TiAI-based  intermetallics  is  that  the  oxidation 
behaviour  in  air  considerably  differs  from  that  in  oxygen^«5.  The  mechanisms  which 
are  responsible  for  this  effect  have  however  not  yet  been  eiucidated.  In  most  cases 
the  presence  of  nitrogen  in  the  surface  oxide  scales  could  not  clearly  be  detected 
by  conventional  light  and  electron  optical  analysis  methods.  Considerable  effort  has 
been  devoted  to  the  improvement  of  ttie  oxidation  behaviour  of  TiAI-based 
intermetallics  by  ternary  and  quaternary  alloying  additions.  The  literature  data 
concerning  the  effect  of  the  various  additions  is  somewhat  controversial,  but  it 
seems  generally  accepted  that  additions  of  the  element  niobium  significantly 
increase  the  oxidation  resistance  of  intermetallics  based  on  y-TiAl  4,5,6,r  Several 
mechanisms  have  been  proposed  for  this  effect,  the  exact  mechanisms  however, 
are  not  yet  clarified. 
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In  the  present  study,  the  formation  and  growth  of  oxide  scales  on  y-TiAl  is  studied 
at  800  C.  Emphasis  was  placed  on  the  effect  of  niobium  additions  on  the  early 
stages  of  oxidation.  For  this  purpose  the  oxide  scales  were  analysed  by  second^ 
neutral  mass  spectrometry  (SNMS).  This  analysis  technique  was  used  to  determine 
the  niobium  distribution  in  the  various  oxide  phases  and  to  analyse  the 
incorporation  of  nitrogen  in  the  corrosion  scales,  which  appears  to  be  extremely 
difficult  with  conventional  light  and  electron  optical  analysis  methods. 


Experimental 

The  following  alloying  compositions  were  studied  in  respect  to  their  long  time 
oxidation  resistance:  TiSOAl,  Ti48AI2Nb,  Ti47.5AI5Nb  and  Ti45ATlONb 
(additions  given  in  atomic  %).  The  alloys  were  produced  by  induction  melting  in  an 
argon  atmosphere. 

Specimens  15  mm  in  diameter  and  2  mm  in  thickness  were  prepared  from  the  cast 
ingots  and  then  ground  and  polished  to  a  1  pm  diamond  finish.  The  oxidation  and 
spalling  kinetics  were  investigated  in  still  air  at  800°C  for  exposure  times  of  SOOOh. 
During  this  exposure  weight  changes  were  determined  in  regular  time  intervals  after 
cooling  of  the  specimens  to  room  temperature.  Specimens  were  examined  before 
and  after  oxidation  using  optical  metallography,  scanning  electron  microscopy 
(SEM)  with  energy  dispersive  x-ray  analysis  (EDX),  electron  microprobe  analysis 
(EPMA)  and  x-ray  diffraction  (XRD). 

To  obtain  more  detailed  information  on  the  early  stages  of  oxidation,  specimens  of 
alloy  Ti  47.5AI  5Nb  were  oxidized  by  a  two  stage  oxidation  method  at  800“C.  In  this 
technique  the  materials  were  first  oxidized  in  air  for  10  min,  0.5h,  2h,  5h  or  24h,  and 
subsequently  In  a  gas  consisting  of  16%  of  4%  of  ‘'^O  and  80%  of  for  20 
min,  1h,  4h,  lOh  or  48h.  The  scales  formed  during  this  oxidation  process  were  then 
analysed  by  secondary  neutral  mass  spectrometry  (SNMS)  (Leybold,  INA3).  The 
primary  energy  of  the  Ar-plasma  was  8o0  Volts.  Details  of  the  two-stage  oxidation 
technique®  and  the  quantification  methods  used  for  the  SNMS  analyses  have  been 
published  elsewhere  The  quantified  oxygen  tracer  profiles  were  recalculated  to 
an  i®0  content  of  20%  in  the  second  oxidation  stage,  i.e.  the  presented  data  show 
the  results  which  would  have  been  obtained  if  the  oxygen  in  the  second  oxidation 
stage  had  been  only  ^®0  instead  of  an  ^®0-enriched  gas®.  The  SNMS  results 
obtained  for  Ti  50AI  have  been  presented  recently''®  and  therefore  the  present 
paper  will  only  deal  with  the  niobium-containing  alloy. 


Results 

Effect  of  Niobium  on  Oxidation  Behaviour 

Figure  1  shows  the  oxidation  behaviour  of  Ti  50AI  and  the  three  niobium-containing 
alloys  during  oxidation  at  800'’C  in  air.  The  scale  on  the  binary  alloy  showed 
spallation  even  at  the  first  interruption  of  the  experiment  for  weight  measurement 
i.e.  the  scale  growth  which  actually  occurred  in  the  period  before  the  first 
interruption  for  weight  measurement  was  significantly  larger  than  indicated  by  the 
first  data  point  in  Figure  1 .  All  niobium  containing  alloys  showed  lower  growth  rates 
and  a  significantly  better  scale  adherence.  The  scale  growth  rates  decreased  with 
increasing  alloy  niobium  content. 

Figure  2  shows  the  cross  section  and  the  corresponding  X-ray  mappings  of  the 
scale  on  Ti  47.5AI  5Nb  after  SOOOh  oxidation,  measured  by  EPMA.  These  results,  in 
combination  with  XRD  data  illustrate  that  there  is  an  almost  continuous  layer  of 
AI2O3  near  the  oxide  surface.  On  top  of  this  a  thin  layer  of  Ti02  is  visible.  In  both 
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layers  no  niobium  seems  to  be  present.  Beneath  the  alumina-based  layer,  a  mixed 
scaie  has  been  formed  with  titania  as  the  dominant  phase.  Niobium  »  present  in 
this  iayer  especiaiiy  near  the  scaie/gas  interface  where  Main  more  alumina  is 
present.  XRD  reveled  the  presence  of  small  amounts  of  TIN  and  T12AIN;  these 
phases  however,  could  not  be  localized  by  EPMA  or  SEM/EDX. 


Studies  of  Scale  Formation  by  SNMS 

Figure  3  shows  an  SNMS  depth  profile  of  the  oxide  iayer  on  the  aiioy  with  5%  Nb 
after  two-stage  oxidation  for  10  min  /  20  min  at  SOO^C.  The  results  clearly  show  the 
formation  of  an  alumina-based  scaie  at  the  surface  and  at  the  interface  with  the 
alloy.  Between  these  regions  a  titanium-ridi  scale  is  formed.  At  the  scaie  /  alloy 
interface  a  nitrogen-rich  &yer  has  been  fomned  which  is  rich  in  titanium.  Niobium  is 
only  present  in  me  inner  part  of  the  scaie.  The  ^^Oenrichment  near  the  scaie/alloy 
interface  (Figure  4)  illustrates  that  during  tfie  second  stage  of  oxidation  the  scaie 
has  grown  by  short  circuit  oxygen  diffusion  the  enrichment  near  the  scaie/gas 
interface  might  be  caused  by  cation  diffusion  or  oxygen  iattice  diffusion  8. 

fter  0.5h  /  1h  two  stage  oxidation  aluminium  oxide  is  stiii  present  at  the  scaie 
surface  (Figure  5)  whereas  the  aluminium  peak  in  the  inner  part  of  the  scale  has 
disappeared.  The  is  stiii  enriched  at  the  oxide  surface  (Rgure  6)  whereas  at  the 
inner  scale  side  it  becomes  more  evenly  distributed  rather  than  forming  a  ciear 
peak.  The  nitrogen-rich  iayer  is  present  near  the  scale/metai  interface  and  the 
niobium  is  distributed  in  a  similar  way  as  shown  in  figure  3.  An  interesting  difference 
is  that  the  nitrogen  enrichment  and  the  dip  in  the  aluminium  profile  coincide  after  30 
minutes  exposure  whereas  after  1 .5  h  they  are  separated. 

The  scale  depth  profiles  after  2h  /  4h  two-stage  oxidation  looked  very  similar  to 
those  after  O.oh  /  1h.  A  clear  change  in  the  growth  processes  occurred  however, 
after  longer  oxidation  times  as  iiiustrated  in  Rgure  7.  After  a  totai  of  15h  the 
formation  of  a  titanium  oxide  became  visible  on  top  of  the  initially  formed  outer 
alumina  layer.  The  profile  (Fig.  8)  showed  a  more  pronounced  peak  at  the  outer 
scale  side  than  in  the  previous  examples,  apparently  due  to  outward  diffusion  of 
titanium.  Again  the  niobium  is  only  present  in  the  titanium-rich  oxide  and  nitride 
layer,  whereas  in  the  outer  alumina  and  fitania,  no  niobium  is  detected,  which  is  in 
agreement  with  the  EPMA  analysis  of  tiie  specimen  which  was  oxidized  for  3(KX)h 
(Figure  2).  An  interesting  feature  is  that  the  niobium  becomes  enriched  in  the  alloy 
immediately  beneath  the  nitrogen-rich  layer  (Rgure  7).  Very  similar  observations 
with  respect  to  element  depth  profiles  and  isotope  distributions  were  made  after  two 
stage  oxidation  for  24h  /  48h. 


Discussion  and  Conclusions 

The  long  time  experiments  confirm  that  the  niobium-containing  titanium  aluminides 
possess  considerably  better  oxidation  resistance  at  800°C  than  Ti  50AI  (Rgure  1). 
The  decrease  in  scale  growth  rates  due  to  niobium  additions  is  not  due  to  a  switch¬ 
over  from  titania  to  alumina-based  surface  scales:  as  in  the  case  of  binary  titanium 
aluminides  the  scales  are  multiphase  titania  /  alumina  based  mixtures,  but  with  a 
significantly  lower  growth  rate.  SNMS  analyses  revealed,  that  in  the  early  stages  of 
oxidation  at  800°C,  the  alloy  containing  5  At.-%  niobium  forms  an  alumina-based 
surface  scale  (Fig^ure  3).  At  this  stage  of  oxidation  the  scale  formation  is  very  similar 
to  that  of  Ti  SOAl'^^.  Beneath  the  outer  alumina  scale,  a  layer  rich  in  titanium  nitride 
is  formed.  Alumina  formation  leads  to  aluminium  depletion  and  consequently  to  a 
decrease  in  aluminium  activity  in  the  subsurface  zone.  The  resulting  increase  in 
oxygen  activity  causes  the  alumina  to  become  unstable  at  the  oxide/alloy  interface 
relative  to  titania  2  and  therefore  this  latter  oxide  is  formed  (Rgure  3).  Initially  this 
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formation  of  titania  beneath  the  alumina  in  turn  leads  to  a  relative  increase  in 
aluminium  activity  and  subsequently  to  formation  of  aluminium-rich  oxide  between 
the  titania  and  tne  nitrogen-containinq  layer  (Figure  3).  On  further  exposure  the 
alumina  and  titania  at  the  inner  scale  side  become  intermixed  (Figure  4).  According 
to  Becker  et  alJ^  titania  has  a  significant  solubility  for  alumina  which  increases  with 
decreasing  oxygen  partial  pressure,  i.e.  under  the  prevailing  conditions  the  solubility 
wo'*ld  be  larger  in  the  inner  scale  side  than  near  me  scale/gas  interface. 
Cl.  aquently  the  alumina  layer  which  initially  forms  can  at  first  coexist  with  the 
titania  which  has  been  formed  beneath  it.  As  the  scale  thickens,  the  oxygen  partial 
pressure  in  the  inner  scale  side  decreases  and  therefore  the  solubility  of  alumina  in 
titania  increases.  This  means  that  the  alumina  would  be  "attacked”  at  the  interface 
between  the  two  oxides.  By  this  means,  the  barrier  function  of  the  alumina  is 
deteriorated  and  titanium  cations  can  diffuse  outward  (Figure  5). 

The  scale  composition  on  Ti  47.5AI  5Nb  in  the  early  stages  of  oxidation  is  similar  to 
that  on  Ti  50AI  with  the  difference  that  niobium  is  clearly  present  in  the  titanium 
oxide  and  nitride  (Figures  5  and  7).  In  addition,  the  t’ltania-rich  scale  on  the  niobium- 
containing  alloy  grows  much  slower  than  in  the  case  of  TiSOAl  An 

explanation  for  tnis  technologically  important  effect  could  be,  that  niobium 
decreases  the  oxygen  vacancy  concentration  in  the  rutile  lattice  due  to  its  higher 
valency  compared  to  that  of  titanium.  Consequently  oxygen  inward  diffusion 
decreases  and  so  the  scale  growth  is  slower  than  in  the  case  of  Ti  50AI. 

For  this  last  mentioned  alloy  it  was  shown''^  that,  contrary  to  the  niobium-containing 
material,  the  initially-formed  nitride  becomes  oxidized  after  longer  times  as  soon  as 
the  growth  of  titania  becomes  the  dominating  process  in  scale  growth  kinetics.  In 
the  niobium-containing  alloy  the  nitride  layer  remains  intact  due  the  slower  ingress 
of  oxygen  through  the  titania.  The  reason  for  the  presence  of  the  nitride-rich  layer 
also  after  longer  times  in  Ti  47.5AI  5Nb,  in  contrary  to  Ti  50AI  ^0,  might  also  be  due 
to  a  stabilizing  of  the  titanium  nitride  by  Incorporation  of  niobium.  In  that  case  the 
nitride  containing  layer  at  the  scale/metal  interface  of  Ti  47.5AI  5Nb  might  also  act 
as  a  barrier  layer  which  could  be  a  further  reason  for  the  improved  oxidation 
resistance  compared  to  Ti  50AI,  Because  of  a  lack  of  prevailing  data  for  the  effect  of 
niobium  on  the  thermodynamic  stability  of  titanium  nitride,  it  cannot  be  determined 
with  certainty  whether  this  effect  really  plays  a  significant  role. 

For  a  correct  interpretation  of  the  measured  depth  profiles  it  is  important  to  note, 
that  in  SNMS  studies  nitrogen  is  an  element  which  is  difficult  to  quantify  '•2. 
Therefore  it  cannot  be  assumed  that  the  maximum  concentration  of  the  nitrogen 
peak  at  the  scale/metal  interface  is  really  around  10  to  20  At.-%  as  measured  In  the 
presented  SNMS  profiles  (Figures  3, 5, 7).  Recent  results  of  detailed  microstructural 
studies  using  SEM  and  TEM  ^3  indicate  that  the  nitrogen-containinq  layer  consists 
of  an  alumina/nitride  mixture.  According  to  XRD-results  a  ternary  nitride,  Ti2AIN,  is 
present  in  addition  to  the  binary  TIN. 

An  interesting  observation  is,  that  after  longer  exposure  times  niobium  becomes 
enriched  in  the  alloy  immediately  at  the  interface  with  the  nitride-rich  layer  (Figure 
7).  This  may  be  caused  by  one  of  the  following  mechanisms: 

if  aluminium  and  titanium  are  incorporated  in  the  oxide  scale  to  a  larger  extent 
than  niobium  (compared  with  the  relative  concentrations  in  the  alloy),  the  two 
first-mentioned  elements  will  be  "depleted"  in  the  alloy  relative  to  niobium.  This 
would  lead  to  an  apparent  niobium  "enrichment"  in  the  surface  near  diffusion 
zone  in  the  alloy. 

the  SNMS  profile  in  Figure  7  indicates  that  the  niobium  solubility  in  the  titanium 
nitride  is  higher  than  in  the  titanium  oxide.  After  the  initially  formed  niobium- 
containing  nitride  starts  to  become  oxidized,  an  excess  amount  of  niobium  will 
be  present.  As  niobium  seems  to  have  no  solubility  in  the  alumina  (Figures  5 
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and  7),  it  can  either  be  oxidized  or  diffuse  through  the  nitride  zone  into  the 
alloy.  Apparently  the  oxygen  partial  pressure  in  the  inner  part  of  the  scale  is  too 
low  for  niobium  to  become  oxidized  and  therefore  it  diffuses  back  into  the  alloy. 
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Abstract 

The  high  temperature  (850-1 100®C)  mechanism  of  oxidation  of  FeCrAl  alloy  (doped  with  Zr 
and  mischmetal)  was  studied  in  air  (synthetic)  and  in  oxygen.  Kinetic  measurements  show  that 
the  parabolic  law  is  obeyed  after  several  hours  of  oxidation  ;  the  oxidation  rate  is  modified  at 
950-1 100®C.  Morphological  changes  are  observed.  At  low  temperature,  the  oxide  surface  is 
covered  with  platelets  (whiskers),  whereas  at  high  temperature  small  equiaxed  crystals  are 
obtained.  These  results  may  be  related  to  the  oxide  phases  present.  At  low  temperature  a 

tran^  'tional  alumina  Qikely  0  -  Al2C)3)  grows,  while  at  high  temperature  a-Al2Q3  forms.  These 

phases  are  not  produced  initially  ;  during  the  Erst  stage,  7-^1203  is  always  observed  but  is 
transformed  at  a  rate  which  depends  on  the  temperature.  When  longer  oxidation  runs  (up  to 

120  hours)  are  performed  at  low  temperature,  the  transformation  of  0-AI2O3  into  a-Al203 

increases  with  time.  All  these  results  clearly  demmistrate  that  a-Al2C)3  is  the  stable  phase.  In 
order  to  better  understand  the  oxidation  mechanism,  oxidation  experiments  were  performed  in 
^^02/^®02  and  the  scales  subsequently  analy^  by  SIMS.  The  results  show  that  the  a-Al2C)3 
scales  grow  by  inward  transport  of  oxygen.  In  addition,  stress  measurements  by  X-ray 
diffraction  were  performed  ;  for  very  thin  oxides,  stresses  were  measured  in  the  alloy 
immediately  beneath  the  scale.  The  data  indicate  that  the  tensile  stress  in  the  alloy  decreases 
regularly  with  oxidation  temperature  and  that  a  change  in  preferred  orientation  in  the  alloy 
occurs  during  oxidation  runs  up  to  950®C. 

Key  terms :  FeCrAl  Alloys,  Oxidation,  Morphology,  Structure,  Diffusion,  Stress  measurement 
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Introduction 


Among  the  MCrAI  alloys,  the  ferritic  ones  (Fe-based)  have  been  and 
continue  to  be  extensively  studied  :  protective  scales  (i.e  a-AlaOs)  are 
generally  developed  on  their  surface  during  oxidation  at  high 
temperature.  However,  various  alumina  phases  may  form,  depending  on 
different  parameters  such  as  the  temperature,  the  atmosphere,  the 
alloy  composition  or  the  duration  of  oxidation.  The  theoretical  thermal 
stability  of  these  aluminas  may  be  summarized  as  follows  : 

500“C  750®C  9(XfC  1000“C 

Boehinite(Y-A10(OH)) . >Y-Al203 - >5-Al203 - >6-Al203 - >a-Al203 

The  transition  temperatures  which  are  indicated  above  are  approximate 
and  are  dependent  upon  the  experimental  conditions. 

A  literature  review  was  recently  published  by  PRESCOTT  and  GRAHAM^ 
which  included  different  research  works  devoted  to  the  identification 
of  various  alumina  phases  grown  on  different  alloys.  The  transition 
aluminas  {y,  6  or  0'Al2O3)  are  mainly  observed  at  low  temperature 
(below  900  or  1000‘’C)2'^  or  during  a  transient  stage  at  the  beginning 
cf  the  oxidation  reactions'll.  At  higher  temperature  microscopical 
studies7-^2,i3  have  shown  that  the  transformation  of  transition 
aluminas  into  a-alumina  is  generally  accompanied  by  a  modification  of 
the  oxide  morphology  .  Transition  aluminas  are  generally  observed  in 
the  form  of  whiskers  whereas  a-alumina  is  present  as  equiaxed  small 
crystals. 

Considering  the  growth  mechanism,  it  is  generally  assumed  that 
transition  aluminas  form  by  outward  cation  diffusion^^.  in  contrast,  a- 
alumina  generally  forms  by  predominantly  inward  oxygen 
diffusion's, 16, 17. 

In  this  paper  we  will  report  a  study  of  the  high  temperature  oxidation 
of  a  FeCrAI  ferritic  alloy.  Morphological  observations  and  structural 
analyses  have  been  emphasized. 

Experimental 

The  alloy  which  was  used  in  this  work  was  a  ferritic  steel,  the  main 
alloying  elements  being  chromium  and  aluminum,  its  composition  is 
given  in  Table  1.  Zirconium  additions  stabilize  the  alloy  and  prevent  the 
precipitation  of  chromium  carbide.  Cerium  and  lanthanum  are 
incorporated  to  improve  the  oxidation  resistance,  especially  when 
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temperature  cycles  are  applied.  Coupons  (25x10  mm)  were  cut  from 
thin  foils  (50  pm  thick).  Before  oxidation  they  were  degreased  in 
trichloroethane.  rinced  in  alcohol  and  dried.  They  then  were  put  in  an 
alumina  crucible  and  introduced  into  the  furnace. 

Oxidation  experiments  were  made  in  air  at  850.  900,  950,  1000,  1050 
and  1100°C.  Oxidation  times  varied  between  a  few  minutes  and  120 
hours.  Short  oxidation  runs  (<  2  hours)  were  performed  and  the  kinetics 
recorded  with  a  microbalance. 

The  scale  morphology  was  observed  by  scanning  electron  microscopy 
(SEM).  The  structure  of  the  scales  was  analyzed  by  X-ray  diffraction  or 
electron  diffraction  and  scale  composition  was  determined  by  X-ray 
spectrometry. 

Some  particular  experiments  were  performed  to  determine  the 
diffusion  mechanism.  For  this,  specimens  were  prior  oxidized  in  16O2 
and  then  in  I8O2.  Secondary  ion  mass  spectrometry  (SIMS)  was  used  to 
allow  the  determination  of  the  location  of  the  isotope  and  to 

distinguish  which  diffusion  mechanism  is  involved  in  the  oxidation 
process. 


Results 


Influence  of  Temperature 

In  order  to  establish  the  influence  of  temperature  on  the  oxidation  rate, 
morphology  and  structure  of  the  alloy,  samples  were  oxidized  in  air  for 
24  hours  in  the  temperature  range  850-1 100°C.  Morphological 
observations  of  the  oxide  surface  are  reported  in  Figure  1.  At  850°C.  it 
can  be  seen  that  the  oxide  scale  is  thin  ;  the  grain  boundaries  of  the 
metallic  substrate  are  still  visible.  The  oxide  surface  is  smooth  and 
mainly  consists  of  very  small  crystals.  Some  platelets  (also  called 
whiskers)  may  be  observed.  They  are  more  developed  at  900°C  and  at 
that  temperature  cover  the  entire  surface  of  the  alloy.  The  grain 
boundaries  of  the  metal  are  not  discernable  which  suggets  that  the 
oxide  scale  is  thicker  than  at  850°C.  After  oxidation  at  950°C,  a 
modification  of  the  scale  surface  is  observed  ;  the  oxide  is  mainly  in 
the  form  of  small  equiaxed  crystals  and  only  a  small  number  of 
whiskers  is  observed.  The  whiskers  disappear  completely  after 
oxidation  at  1000°C  or  at  higher  temperature  and  the  size  of  the 
equiaxed  crystals  increases.  The  oxides  which  formed  were  identified 
by  X-ray  diffraction.  At  low  temperature  (<  900“C)  only  a  few 
diffraction  lines  are  observed  (Table  2).  They  are  more  numerous  at 
higher  temperature.  It  may  be  observed  that  the  interplanar  distance 
2.732A,  which  is  present  at  low  temperatures,  disappears  at 
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temperatures  above  950°C.  The  comparison  of  these  experimental  data 
with  the  values  given  in  the  ASTM  files  allows  us  to  conclude  that  at 
low  temperature  a  transition  alumina  (6'Al203)  is  formed  on  the  alloys 
whereas  a-Al203  is  produced  at  higher  temperatures.  Both  oxide 
structures  are  observed  at  950°C  which  is  a  transition  temperature 
(Fig.2). 

In  order  to  verify  that  only  aluminum  oxide  is  formed,  some  scales 
were  analyzed  after  dissolution  of  the  alloy  in  a  methanol  -  10% 
bromine  solution.  It  was  verified  by  X-ray  spectrometry  that  aluminum 
only  is  present  (as  metal)  in  the  scale. 

Influence  of  Oxidation  Time 

Taking  into  account  the  previous  results,  longer  oxidation  runs  were 
performed.  The  scales  were  characterized  by  using  the  same 
observation  and  analysis  techniques,  it  was  clearly  observed  that  if  6- 
AI2O3  is  present  after  24  hours  of  oxidation,  it  is  partially 
transformed  into  a-Al20  3  by  ^8  hours.  The  transformation  is 
practically  complete  after  120  hours  at  900“C. 

The  First  Stages  of  Oxidation 

Short  oxidation  runs  were  made  at  different  temperatures.  The  kinetic 
results  (weight  gain  versus  time)  are  reported  in  Figure  3. 
Microscopical  observations  show  clearly  that  the  kinetic  transition 
occuring  after  a  short  time  at  900  and  950°C  corresponds  to  a 
morphological  change  and  to  the  beginning  of  the  formation  of 
whiskers.  Electron  diffraction  analysis  after  very  short  oxidation  runs 
(5  minutes)  shows  that  y-alumina  forms  during  the  early  stages  of  the 
reaction,  whatever  the  temperature. 

Discussion 

All  the  results  show  that  the  morphology  and  the  structure  of  the 
alumina  which  forms  are  strongly  related  and  that  two  main 
parameters  must  be  taken  in  account  ;  the  reaction  time  and  the 
temperature.  At  the  beginning  of  the  reaction  (<5  minutes)  a  transition 
alumina  (y-Al203)  is  formed  on  the  alloy.  At  low  temperature  (900- 
950°C)  it  transforms  more  or  less  rapidly  into  another  transition  oxide, 
e-Al203.  That  transformation  is  accompanied  by  a  kinetic  transition 
(acceleration)  and  a  morphological  change  of  the  scale  (beginning  of  the 
formation  of  whiskers).  A  second  transformation  from  0  into  a-Al203 
occurs  after  24  hours  or  more.  At  higher  temperature  (>  1000®C),  both 
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structural  transformations  {y  ->  6  ->  a-Ai203)  are  very  rapidly 
completed  (^15  minutes). 

Whiskers  are  observed  on  the  surface  only  when  the  6  phase  is  present. 
All  the  results  clearly  show  that  a-Al203  is  the  only  stable  structure. 
That  phase  is  always  obtained  at  long  oxidation  times.  Experimental 
results  show  that  it  is  not  observed  at  the  lowest  temperature  (850**C) 
:  this  is  probably  because  the  transformation  rate  is  very  low.  To 
confirm  the  stability  of  the  corundum  structure,  experiments  were 
performed  as  follows  :  specimens  were  oxidized  for  a  short  time  (1 
hour)  at  high  temperature  (1100‘’C)  to  develop  an  a-Al203  scale.  Then 
the  oxidation  temperature  was  lowered  in  the  range  850  to  SOO'^C  and 
the  reaction  continued  up  to  24  hours.  The  a  ->  6  transformation  was 
never  observed,  which  indicates  that,  when  it  is  formed,  the  corundum 
phase  is  stable  even  at  low  temperature. 

Oxidation  mechanism 

if  one  considers  all  the  experimental  results  (oxidation  kinetics,  oxide 
morphology  and  structure)  which  were  obtained  in  this  study,  it  may  be 
supposed  that  a  change  in  the  oxidation  mechanism  occurs  between 
900  and  1000°C.  As  mentioned  in  the  Introduction  it  was  shown  in 
other  systems  that  at  low  temperature  cationic  diffusion  is  the  main 
process  whereas  at  higher  temperature  the  reaction  proceeds  by  oxygen 
diffusion.  In  order  to  test  this  hypothesis,  two-stage  i^O/SIMS 
experiments  were  performed  at  1100°C.  The  specimens  were  first 
oxidized  in  I6O2  and  then  in  1^02-  After  reaction,  the  oxide  scales  were 
analysed  by  SIMS.  The  results  showed  that  at  1100°C  1^0  is 
concentrated  close  to  the  internal  interface  of  the  oxide  scale  (Fig.4). 
As  the  oxidation  in  was  performed  during  the  second  stage  of  the 
experiment,  it  means  that  inward  diffusion  of  oxygen  occured. 

Stress  Measurements 

The  last  point  which  was  considered  in  this  work  was  to  estimate  the 
mechanical  state  (and  particularly  the  stress  level)  of  the  system.  As 
the  scale  thickness  was  too  thin  for  reliable  stress  measurements  to 
be  obtained,  we  evaluated  the  stresses  in  the  alloy,  close  to  the  alloy- 
oxide  interface.  The  technique  which  was  used  was  X-ray  diffraction. 
All  the  measurements  were  made  at  room  temperature,  on  the  non- 
oxidized  alloy  and  after  oxidation  for  24  hours  at  900  and  1100°C  . 

As  can  be  seen  (Table  3)  the  stresses  are  compressive  in  the  non- 
oxidized  alloy.  After  oxidation  at  OOO^’C,  the  stress  level  measured  in 


For  these  experiments,  samples  1.2  mm  thick  were  used. 
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the  alloy  is  practically  equal  to  zero.  This  means  that  compressive 
stresses  developed  in  the  scale.  If  one  considers  that  growth  stresses 
are  negligible  (due  to  outward  diffusion),  the  result  is  in  good 
agreement  with  the  respective  values  of  the  expansion  coefficients  of 
the  metal  and  of  the  oxide.  After  oxidation  at  1100°C,  tensile  stresses 
are  measured  in  the  metal,  which  means  that  compressive  stresses, 
higher  than  at  900°C.  develop  in  the  alumina  scale.  It  may  be  concluded 
that  they  are  the  result  of  the  combination  of  compressive  growth 
stresses  (due  to  inward  oxygen  diffusion  and  scale  formation  at  the 
internal  interface)  and  of  compressive  stresses  developed  during 
cooling. 


Conclusions 

In  this  work,  on  the  high  temperature  oxidation  of  a  FeCrAI  ferritic 
alloy,  we  have  shown  that  the  structure  and  the  morphology  of  the 
oxide  which  forms  on  the  alloy  are  strongly  related.  They  depend 
simultaneously  on  the  reaction  temperature  and  time  of  oxidation.  In 
all  cases  Y-AI2O3  is  observed  after  very  short  times  (a  few  minutes). 
After  24  hours,  9-alumina  is  identified  at  low  temperature  (^SOO^C), 
whereas  the  a-phase  Is  observed  at  high  temperature  (S1000°C).  This 
latter  oxide  is  in  the  form  of  small  equiaxed  grains;  with  the  former, 
platelets  (whiskers)  are  seen  on  the  surface.  After  longer  oxidation 
runs,  the  main  oxide  is  a-Al203.  All  these  results  show  clearly  that  a- 
AI2O3  is  the  most  stable  phase.  Diffusion  experiments  show  that  at 
1100®C  a-Al203  grows  by  oxygen  Inward  diffusion. 

Compressive  residual  stresses  are  always  measured  after  oxidation 
and  cooling  ,  which  are  higher  at  1100®C  than  at  900°C.  This  result 
must  be  related  to  the  diffusion  processes  which  are  different  in  the 
different  temperature  domains. 
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Table  1  :  Composition  of  the  alloy 


EImt 

C 

Si 

s 

P 

Mn 

Cr 

Ni 

Ti 

wo% 

0.025 

0.56 

0.001 

0.0014 

0.29 

22.38 

0.17 

0.004 

EImt 

mm 

Cu 

Co 

Ce 

La 

N 

Zr 

wo% 

4.71 

0.01 

0.017 

0.021 

0.011 

0.0023 

0.23 

Table  2  :  X-ray  diffraction  lines  determined  after  24  hours  of  oxidation 


SSO^C 

900«C 

sso^c 

lOOO^C 

IIOO^C 

oxide 

phase 

- 

- 

3.49 

3.49 

3.49 

a 

2.732 

2.732 

2.736 

- 

- 

e 

- 

- 

2.55 

2.55 

2.55 

a 

2.393 

2.393 

2.37 

2.37 

2.37 

a  or  6 

- 

- 

2.09 

2.09 

2.09 

a 

- 

- 

1.74 

1.74 

1.74 

a 

- 

- 

1.604 

1.606 

1.607 

a 

1.405 

1.405 

1.407 

1.409 

1.407 

a  or  6 

- 

- 

1.377 

1.375 

1.375 

a 

Table  3  :  Stress  level  measured  in  the  alloy  before  and  after  oxidation 


Oxidation 

conditions 


No  oxidation 


900®C 


1 100^0 


Stress  level 


-200 


300 


Figure  1 :  Moiphology  of  surface  oxide  formed  after  24  hrs  oxidation. 
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TEMPERATURE 

:  Relative  amounts  of  alumina  phases  grown  at  different  temperatures^^. 


Time  Cmn) 


Figure  3 :  Oxidation  kinetics  of  FeCrAl  alloy  at  different  temperatures. 


Figure  4 :  SIMS  analysis  of  samples  oxidized  in  oxygen  16  then  in  oxy^n  18 ; 
Taper  cross-section  tdter  oxidation  at  1 100°C 
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Abstract 

^in-polarized  neutron  reflectiviw  is  employed  to  characterize  the  passive  film  on  iron. 
Inermal  neutrons  are  used  to  probe  the  nuclear  and  magnetic  scattering  density  profiles  in 
the  film  and  substrate,  and  to  establish  parameter  for  the  metal-oxide  interface  and  the  oxide 
surface.  Three  surface  film  conditions  are  considered:  the  native  oxide  layer,  the  in-situ  passive 
layer,  and  the  same  passive  layer  ex-situ.  Complementary  data  are  obtained  using  x-ray 
reflectivity  in  the  ex-situ  cases. 

The  thickness  of  the  passive  layer  and  the  underlying  iron  layer,  surface  and  interfacial 
roughness,  and  magnetic  properties  are  some  of  the  parameters  available  through  the  neutron 
reflectivity  technique.  Changes  in  scattering  density  due  to  removal  of  the  passivated  sample 
from  the  in-situ  environment  may  be  detectable  as  well.  Determination  of  the  magnetic 
characteristics  of  the  passive  film  may  be  especially  useful  in  determining  the  film  composition 
and  structure.  This  project  is  funded  by  the  National  Science  Foundation  under  grant  number 
DMR-9 108368. 

Key  terms:  spin-polarized  neutron  reflectivity,  passivity,  iron,  in-situ 

Introduction 


The  true  nature  of  the  passive  film  on  metals  and  alloys  has  been  a  source  of  controversy  since 
the  phenomenon  was  first  observed.  We  hope  to  resolve  some  the  characteristics  of  the  passive 
film  on  iron  using  spin-polarized  neutron  reflectivity.  The  neutron  reflectivity  technique  allows 
us  to  study  the  passive  film  at  the  film  surface  and  the  film-metal  interface,  both  in-situ  and 
ex-situ.  Using  this  technique  we  obtain  information  regarding  the  characteristics  of  the  passive 
film:  thickness,  surface  and  interfacial  roughnes^  and  profiles  of  the  nuclear  and  magnetic 
scattering  densities.  We  also  employ  x-ray  reflectivity  to  complement  and  confirm  the  neutron 
reflectivity  data. 


3863 


The  use  of  spin-polarized  neutrons  to  probe  the  scattering  densities  of  the  passive  layer  allows 
us  to  determine,  for  example,  whether  the  film  is  ferromagnetic.  If  it  can  be  shown  that  the 
passive  film  on  iron  is  ferromagnetic,  then  the  number  of  possible  models  for  passivity  would 
be  greatly  reduced  1.  By  collecting  data  on  the  native  oxide,  the  in-situ  passive  film,  and  the 
same  film  ex-situ,  reflectivity  can  also  be  used  to  explore  changes  in  films  that  are  removed 
from  solution  and  dried  after  passivation. 

The  derivation  for  neutron  reflectivity  is  similar  to  the  conventional  treatments  of  electro¬ 
magnetic  optics^.  Descriptions  of  neutron  reflectivity  theory  and  techniques  are  available 
from  several  sources^*^.  Interested  readers  are  directed  to  these  references. 


Experiment 


A  neutron  beam  can  travel  through  perfectly  crystalline  materials  such  as  silicon  with  a 
negligible  amount  of  attenuation  or  small  angle  scattering.  The  samples  and  electrochemical 
cell  for  our  study  were  designed  tc^take  advantage  of  this  fact,  such  that  the  attenuation  and 
increased  background  signal  due  to  inelastic  and  incoherent  scattering  in  an  aqueous  medium 
are  avoided. 

The  sample  consists  of  a  12  nm  layer  of  iron  sputter-deposited  onto  a  10  cm-diameter  single 
crystal  Si  wafer.  An  earlier  sample  design^  used  in  this  experiment  had  a  30  nm  layer  of 
aluminum  oxide  followed  by  a  30  nm  layer  of  iron  sputter-deposited  onto  the  Si  substrate^. 
The  aluminum  oxide  layer  was  intended  to  act  as  a  barrier  to  protect  the  silicon  wafer  against 
hydrogen  diffusion  during  cathodic  reduction.  However,  we  have  found  that  by  keeping  the 
reduction  time  short,  the  barrier  layer  can  be  eliminated  without  ill  effect.  The  effects  due 
to  the  altered  sample  configuration  are  discussed  below. 

The  iron  surface  with  its  native  oxide  intact  provided  the  starting  point  for  our  study.  First 
x-ray,  then  spin-polarized  neutron  reflectivity  data  were  taken  for  this  case.  Next  neutron 
reflectivity  was  performed  on  the  passivated  surface  in-situ.  Finally,  the  sample  was  removed 
from  the  cell,  rinsed  with  purified  water,  and  dried  quickly  in  a  stream  of  N2  gas  in  preparation 
for  the  ex-situ  passive  film  data  collection,  using  first  neutron,  then  x-ray  techniques.  The 
native  oxide  and  the  ex-situ  passive  film  were  both  exposed  to  the  ambient  environment  for 
the  duration  of  the  data  collection,  roughly  12  hours  for  each  neutron  reflectivity  scan. 

The  sample  was  clamped  to  a  polytetrafluoroethylene  cup  fitted  with  a  Pt  counter  electrode 
and  a  saturated  calomel  reference  electrode  (SCE)  to  form  the  body  of  a  sealed  electro¬ 
chemical  cell  approximately  100  ml  in  volume.  Our  earlier  cell^  allowed  the  aqueous  solution 
to  be  exposed  to  air,  which  affected  the  passive  film  formation.  Ex-situ  data  were  collected 
on  the  air-formed  oxide,  using  the  technique  described  below,  before  the  cell  was  filled  with 
solution. 

For  the  in-situ  portion  of  the  experiment,  all  potentials  were  measured  versus  SCE.  The 
solution  was  a  pH  8.2  borate  buffer.  The  solution  was  made  oxygen-free  by  bubbling 
water-saturated  N2  gas  through  the  holding  vessel  before  transferring  the  solution  to  the  cell. 
After  cathodically  reducing  the  surface  for  seven  minutes  at  -j-OV  to  remove  the  native  oxide, 
the  system  was  stepped  to  a  passivatingpotential  of  +  0.750V®.  Neutron  reflectivity  data  were 
collected  after  the  initial  film  growth  phase  was  completed,  as  indicated  by  the  leveling  off  of 
the  current  density  at  a  suitably  low  value  (about  0.1  pA/cm^).  Data  collection  continued 
over  a  period  of  roughly  12  hours  while  the  system  was  held  under  potentiostatic  control. 
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Dataware  taken  on  the  BT-7  polarized  neutron  reflectomcler^  at  the  NIST  Research  Reactor 
in  Gaithersburg,  MD.  The  entire  cell  assembly  was  placed  in  the  neutron  beam  on  a  rotating 
sttige.  The  axis  of  rotation  was  the  vertical  (z)  axis,  parallel  to  and  centered  on  the  face  of 
the  sample.  The  beam  entered  the  Si  w  afer  edge-on  (nearly  normal  incidence  to  the  edge), 
and  was  then  reflected  from  the  sample  surface  at  glancing  angles.  In  this  cojifiguration  the 
in-situ  experiment  can  easily  be  performed  without  the  noise  and  signal  loss  associated  with 
inelastic  and  incoherent  scattering  in  water. 

The  entire  cell  was  placed  in  a  constant  magnetic  field  of  225  G  directed  parallel  to  the  sample 
surface.  The  sample  was  then  exposed  to  spin-polarized  neutrons  of  wavelength  2.37  A.  Data 
were  collected  by  measuring  the  reflected  beam  intensity  as  a  function  of  incident  angle  for 
spin  states  both  parallel  and  anti-parallel  to  the  applied  magnetic  field  during  0-20  scans  in 
the  vicinity  of  the  critical  angle  for  total  external  reflection,  Identical  scans  were  performed 
for  each  case  discussed:  the  native  oxide,  the  in-situ  passive  layer,  and  the  ex-situ  passive  layer. 
For  a  ferromagnetic  material  such  as  iron,  differences  in  the  total  scatter  ing  densities  are  seen 
by  the  two  polarized  spin  states.  Therefore,  two  reflectivity  curves  are  produced  to  describe 
each  case. 

In  addition  to  the  neutron  reflectivity  data  collected  on  the  cx-situ  films,  x-ray  reflectixity  scans 
were  also  performed.  Using  a  stationary  anode  machine  producing  x-rays  of  wavelength  1.54 
A,  the  iron  surface  with  its  native  oxide  was  examined  to  cmrfirm  layer  structure.  The  identical 
examination  was  performed  again  on  the  ex-situ  passive  layer  after  the  neutron  reflectivity 
scans  were  completed.  While  x-rays  and  neutrons  scatter  from  different  atomic  components, 
the  data  sets  can  be  handled  in  same  fashion,  resulting  in  complementary  scattering  density 
profiles  for  the  sample  in  the  ex-situ  cases.  These  data  are  especially  helpful  in  confirming 
layer  thickness  and  interfacial  roughness  parameters. 

Results 

Figure  1  shows  the  most  recent  data  for  the  native  oxide  film,  the  electrochemically  produced 
in-situ  passive  film,  and  the  rinsed  and  dried  ex-situ  passive  film  on  the  iron  sample  described 
above.  The  data  are  given  in  terms  of  the  momentum  transfer  Q  versus  the  logarithm  of  the 
reflected  intensity.  Q  is  related  to  the  incident  angle  0  by  the  expression 


Q  =  2kosin0, 


(1) 


where  ko  is  the  incident  wavevector  magnitude.  In  all  cases  the  sample  was  exposed  to  a 
magnetic  field  of  225  G  parallel  to  the  plane  of  the  surface.  The  bvo  plots  indicate  the 
reflectivities  of  neutrons  polarized  parallel  to  the  applied  magnetic  field,  or  "spin-up"  (part 
(a)),  and  those  polarized  anti-parallel,  or  "spin-dow'n'^(part  (b)).  It  can  be  seen  immediately 
that  the  air-formed  oxide  originally  on  the  surface  differs  from  the  passive  film.  In  our  pre¬ 
viously  reported  work^,  no  difference  in  the  native  oxide  and  the  passive  film  was  apparent. 
This  may  be  accounted  for  by  the  changes  in  both  sample  and  electrochemical  cell 
configuration. 
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Work  in  progress  includes  fitting  a  model  to  each  of  the  reflectivity  plots  shown  in  Figure  1, 
and  to  the  x-ray  reflectivity  data  (not  shown).  Each  model  is  basea  on  a  scattering  density 
profile;  total  scattering  density  as  a  function  of  depth  into  the  sample.  The  models  are  derived 
using  fitting  programs  developed  by  Ankner  and  Majkrzak®.  Previous  modelling  attempts 
based  on  the  more  complex  sample  configuration  have  been  discussed  elsewhere  *.  By  starting 
with  a  thinner  iron  layer,  and  removing  the  aluminum  oxide  barrier  layer  entirely,  the  overall 
thickness  of  the  sample  was  greatly  reduced,  and  two  interfaces  were  eliminated.  Conse¬ 
quently,  the  reflectivity  patterns  are  less  complex  than  those  reported  earlier.  The  data  dis¬ 
cussed  here,  obtained  by  neutron  and  x-ray  reflectivity,  should  lead  to  reliable  models  for  the 
passive  film  on  iron,  both  in-situ  and  ex-sttu. 

Conclusion 

Spin-polarized  neutron  reflectivity  appears  to  be  a  useful  method  for  determining  the  nuclear 
and  magnetic  properties  of  the  passive  film  on  iron.  X-ray  reflectivity  data  can  be  used  to 
supplement  some  of  the  neutron  reflectivity  results.  Knowing  in  particular  the  magnetic 
properties  of  this  film  may  help  reduce  the  number  of  possible  structure  models. 

A  sufficiently  large  magnetic  scattering  density  detectable  in  a  sample  polarized  in  a  relatively 
small  magnetic  n^eld  is  an  indication  of  ferromagnetism.  Two  iron  oxides  known  to  be  fer¬ 
romagnetic  are  magnetite  (Fe304)  and  maghemite  (7-^6203)^.  If  the  film  proves  to  be 
ferromagnetic,  it  would  support  models  calling  for  a  single  layer  of  Fe304,  or  an 
Fe304/Y-Fe203  bi-layer^®.  Tliere  is  some  concern  that  what  may  appear  as  ferromagnetism 
in  a  bulk  oxide  will  instead  become  superparamagnetism  in  a  thin  film^l.  If  this  is  the  case 
for  the  passsive  film  on  iron,  it  will  be  extremely  difficult  to  apply  a  polarizing  magnetic  field 
strong  enough  to  observe  any  changes  in  magnetic  scattering  density. 
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Q  (*■') 

Ficure  1.  Spin-poluized  neutroa  reflectivity  data  for  various  surface  films  on  an  iron 
suDstrate.  The  native  oxide  is  represented  by  circles,  the  in-situ  pas^  film  by  triaiu^ 
(offset  by  two  orden  trf  tna^tude),  and  the  same  passive  film  ex-situ  by  squares  (onset 
by  four  orders  of  magnitude).  Part  (a)  shows  data  for  neutrons  polarizM  parallel  to 
an  applied  magnetic  neM,  part  (b)  shows  the  same  for  neutrons  polarized  anti-paralkL 
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Abstract 

Corrosion  of  iron  in  an  anhydrous  methanol  solution  of  0.1M  LiClO^  (<  150 
ppm  of  water)  was  investigated  by  impedance  and  polarization  measurements 
and  x-ray  photoelectron  spectroscopy  (XPS).  Under  a  dry  argon  atmosphere 
(<  0.01  ppm  O2  and  <  50  ppm  H2O)  in  a  dry  box,  an  iron  electrode  was 
abraded  with  alumina  powder,  rinsed  with  anhydrous  methanol,  and  then 
immersed  in  the  methanol  solution.  The  impedance  of  this  electrode  was 
measured  in  the  solution  under  the  argon  atmosphere  with  a  frequency 
response  analyzer.  The  corrosion  rate  obtained  from  the  impedance  at  the 
open-circuit  potential  decreased  with  an  increase  in  the  immersion  time, 
suggesting  the  formation  of  a  barrier  layer  on  the  surface.  Results  of 
XPS  measurements  demonstrated  that  a  precipitate  of  ferrous  methoxide 
forms  on  the  iron  surface. 

Effects  of  complexing  agents  like  1 , lO-phenanthrol ine  and  2 , 3-dimercapto- 
1 -propanol  on  the  corrosion  rate  of  iron  in  the  anhydrous  methanol 
solution  were  studied  by  polarization  measurement  and  XPS.  Little  effect 
of  the  complexing  agents  on  the  cathodic  hydrogen  evolution  was  observed 
in  the  polarization  curves  but  the  anodic  iron  dissolution  was  affected  by 
the  formation  of  complexes  through  reactions  with  ferrous  methoxide.  When 
a  soluble  complex  in  anhydrous  methanol  formed  at  the  surface,  the  anodic 
reaction  was  markedly  stimulated.  The  absence  of  the  methoxide  layer  on 
the  iron  surface  by  the  formation  of  the  soluble  complex  was  revealed  by 
XPS  data.  If  an  insoluble  complex  formed  at  the  surface,  a  protective 
layer  of  the  complex  on  the  surface  suppressed  the  anodic  and  cathodic 
processes  of  iron  corrosion. 


Key  terms:  iron  corrosion,  anhydrous  methanol,  impedance,  polarization,  x- 
ray  photoelectron  spectroscopy,  ferrous  methoxide,  complexing  agents, 
1 , 10-phenanthroline,  2, 3-dimercapto-l -propanol 


3868 


I.  Introduction 


Host  of  the  studies  on  corrosion  of  metals  in  nonaqueous  solvents  have 
been  associated  with  the  effects  of  additives  or  contaminants  like  water, 
acids,  oxygen  molecules,  and  chloride  ion  on  active  corrosion  and 
passivity  of  metals.'  Many  investigations  on  electrochemical  corrosion  of 
iron  and  iron-based  alloys  in  electrolytic  methanol  solutions  have  been 
focused  on  the  influence  of  the  water  content  in  the  solutions  on  their 
active  corrosion^'®  and  passivity.*'*  Water  at  less  than  4b0  ppm  in  a 
methanol  solution  of  0.1H  LiClO^  is  insufficient  to  assure  stable 
passivation  of  iron.*  De  Anna^  has  also  described  that  iron  is  always 
active  in  a  0.1H  LiC10.i -methanol  solution  containing  water  at  <  300  ppm. 
The  corrosion  process  at  a  bare  metal  in  an  electrolytic  anhydrous 
methanol  solution  seems  to  be  important  in  understanding  corrosion  and 
passivity  phenomena  of  metals  in  anhydrous  nonaqueous  media. 

The  authors  have  found  that  a  passive  film  formed  on  an  iron  surface 
during  its  preparation  by  abrasion  and  ultrasonic  cleaning  on  exposure  to 
air  is  sufficient  to  protect  iron  from  corrosion  in  an  electrolytic 
anhydrous  methanol  solution.'*  All  manipulations  for  preparing  the 
surface  of  an  iron  electrode  must  be  carried  out  under  an  inert  gas 
atmosphere. 

Since  anhydrous  methanol  can  react  with  most  protic  acids  like 
hydrochloric  and  carboxylic  acids  forming  water,  concentrations  of  the 
acid  and  water  may  change  with  an  increase  of  time,  resulting  in  variation 
of  the  corrosion  rate.  The  corrosion  rate  of  iron  in  an  anhydrous 
methanol  solution  of  0.03H  formic  acid  plus  0.1H  LiC104  has  been  found  to 
decrease  with  an  increase  in  the  immersion  time  because  of  the  formation 
of  methyl  formate.''  Hence,  protic  acids  which  are  not  reactive  with 
methanol  must  be  used  as  additives  in  anhydrous  methanox. 

In  this  work,  impedance  measurements  of  an  iron  electrode  prepared  under  a 
dry  argon  atmosphere  were  performed  in  an  anhydrous  methanol  solution  of 
0.1M  LiClO-i  containing  less  than  150  ppm  of  water.  Polarization 
measurements  were  carried  out  on  the  iron  electrode  in  the  methanol 
solution  with  and  without  a  complexing  agent  to  stimulate  or  suppress  the 
corrosion  of  iron  in  anhydrous  methanol.  Layers  formed  on  the  iron 
surface  were  analyzed  by  x-ray  photoelectron  spectroscopy  (XPS). 

II.  Experimental 


A.  Materials 

Anhydrous  methanol  was  obtained  as  a  reagent  for  high  pressure  liquid 
chromatography  (Merck,  <  100  ppm  of  water)  and  used  without  further 
purification.  Analytical  reagent  grade  LiClOt  used  as  an  electrolyte  was 
desiccated  with  P205  and  dissolved  in  anhydrous  methanol  at  a  concentra¬ 
tion  of  0.1M  under  a  dry  argon  atmosphere  in  a  dry  box  (<  0.01  ppm  of 
oxygen  and  <  50  ppm  of  water).  The  electrolytic  methanol  solution  was 
stored  in  the  presence  of  4  A  molecular  sieves  in  the  dry  box.  The  water 
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content  in  the  methanol  solution,  determined  by  the  Karl-Fischer  method 
was  maintained  below  130  ppm. 


High  grade  reagents  of  complexing  agents,  ethylene  diamine  NH2CH2CH2NH2 , 
2,2'-bipyridine  ^==V  ,  1 , 10-phenanthrol  ine  , 

W' 

acety lacetone  CH3COCH2COCH3 ,  catechol  ^^[Loh  *  2,3-dimercapto-1-propanol 


SHCH2CH(SH)CH20H  were  used  after  drying  in  a  desiccator.  They  react  with 
ferrous  ion  to  form  stable  complexes  but  do  not  with  anhydrous  methanol. 


A  cross  section  of  an  iron  rod  (99.99Z,  Johnson  Hatthey  Chemicals,  3  im^) 
mounted  in  a  Teflon  holder  was  used  as  an  electrode.  After  abrasion  of 
the  electrode  surface  with  emery  papers  in  air,  the  surface  was  polished 
with  1  pm  alumina  abrasive  in  the  dry  box  filled  with  dry  argon  gas.  The 
electrode  was  rinsed  with  anhydrous  methanol  and  immediately  immersed  in 
the  electrolyte  methanol  solution  for  the  electrochemical  measurements. 
All  procedures  were  performed  in  the  dry  box. 

A  disk  of  iron  (99.99Z,  Japan  Lamp  Industries,  10  mm^)  for  XPS  measurement 
was  fixed  at  the  end  of  a  Teflon  holder  with  a  thermoshr inkable  Teflon 
tube.  The  disk  was  abraded  with  emery  papers  and  1  vun  alumina  powder, 
rinsed  with  methanol  in  air  or  under  the  argon  atmosphere  in  the  dry  box. 


B.  Preparation  of  Ferrous  Methoxide 

Ferrous  methoxide  Fe(0CH3)2  was  prepared  by  the  reaction  of  lithium 
methoxide  with  ferrous  chloride  in  anhydrous  methanol  under  a  nitrogen 
atmosphere  as'^ 

2LiOCH3  +  FeClz  - -  Fe(OCH3)2  +  2LiCl  (1) 


A  green  crystal  of  the  product  was  washed  with  anhydrous  methanol  under  a 
nitrogen  atmosphere  and  dried  in  vacuo.  The  product  was  identified  by 
FTIR  spectroscopy.  This  compound  was  susceptible  not  only  to  hydrolysis 
but  also  to  oxidation  with  oxygen  forming  a  brown  solid  of  ferric 
methoxide.  This  result  implies  that  all  procedures  in  electrochemical  and 
analytical  measurements  in  this  study  must  be  performed  under  an  inert  gas 
atmosphere  to  avoid  contact  with  air.  Ferrous  methoxide  gradually 
decomposed  at  an  elevated  temperature  forming  a  black  solid. 

C.  Impedance  Measurements 

The  impedance  of  the  iron  electrode  in  the  anhydrous  methanol  solution  of 
0.1N  LiC104  was  measured  at  the  open-circuit  potential  Eoc  under  the  argon 
atmosphere  in  the  dry  box  with  a  platinum  counter  electrode  and  a 
Ag/AgCl (methanol)  reference  electrode  connected  to  a  potentiostat ,  a 
frequency  response  analyzer,  and  a  computer.  Sine  wave  voltages  (3  mV 
rms)  between  10  kHz  and  100  mHz  were  superimposed  on  the  potential.  The 
measurement  was  controlled  with  the  aid  of  computer  programs.'^ 
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D.  Polarization  Measurements 


Polarization  curves  of  the  iron  electrode  were  measured  in  an  anhydrous 
methanol  solution  of  O.IH  LiCiOi  without  and  with  complexing  agents  at  25t 
under  the  argon  atmosphere  in  the  dry  box.  The  potential  was  referred  to 
a  Ag/AgCl (methanol)  electrode.  After  immersion  of  the  iron  electrode  in 
the  solution  for  1  h,  the  potential  was  changed  stepwise  every  60  s  by  10 
mV  starting  from  Eoc.  The  cathodic  and  anodic  curves  were  obtained 
separately.  Several  runs  were  made  for  each  of  the  curves. 

E.  XPS  Measurements 

The  iron  disk  was  immersed  in  an  anhydrous  methanol  plus  0.1M  LiClO^ 
solution  without  or  with  the  complexing  agent  at  25t  for  5  h  under  the 
argon  atmosphere  in  the  dry  box.  The  disk  was  taken  off  the  Teflon  holder 
and  rinsed  with  anhydrous  methanol  in  the  dry  box  and  then  dried  in  vacuo 
overnight.  The  disk  was  mounted  on  a  sample  holder  and  fixed  in  a 
subchamber  of  an  XPS  spectrometer  under  an  argon  or  nitrogen  atmosphere 
using  the  dry  box  and  a  dry  bag. 

X-ray  photoelectron  spectra  of  the  disk  surface  were  measured  using  a  JEOL 
JPS-90SX  spectrometer  with  Mg  Ka  radiation  as  the  x-ray  source. 
Components  of  interest  on  the  iron  surface  were  Fe  and  0.  The  binding 
energies  were  referred  to  the  C  (lsi/2)  binding  energy  of  a  contaminant 
carbon  at  284.6  eV  and  the  resolution  of  binding  energy  was  0.05  eV. 
Depth  profiles  of  Fe  and  0  were  obtained  by  ion  bombardment  with  an  Ar*^ 
gun.  The  spectrum  of  0  (lsi/2)  for  ferrous  methoxide  was  also  recorded  on 
the  spectrometer  using  a  disk  prepared  by  molding  with  electrically 
conducting  acetylene  black. 

III.  Results  and  Discussion 

A.  Corrosion  of  Iron  in  an  Anhydrous  Methanol  Solution  of  0.1M  LiC104 

Figure  1(a)  shows  x-ray  photoelectron  spectra  of  Fe  (2p)  and  0  (Is)  for 
the  iron  surface  prepared  by  abrasion  and  cleaning  in  air  and  then 
immersed  in  the  methanol  solution  under  the  argon  atmosphere  in  the  dry 
box.  Depth  profiles  of  the  spectra  were  also  shown  with  the  sputtering 
time  ts.  Peaks  of  oxidized  and  metallic  iron  appeared  at  about  711  and 
706.9  eV  of  the  binding  energies  in  the  spectra  of  Fe  (2P3/2).  Peaks  of  0 
(1si/2)  emerged  at  530.5  and  531.4  eV,  suggesting  the  formation  of  ferric 
oxyhydroxide  or  oxide  at  the  surface  of  the  iron  electrode  prepared  in 
air.'^  Since  this  oxyhydroxide  or  oxide  on  the  iron  surface  has  been 
proved  to  act  as  a  passive  film  to  prevent  iron  corrosion  in  the  anhydrous 
methanol  solution,'”  the  surface  of  the  iron  electrode  must  be  prepared 
under  an  inert  gas  atmosphere. 

Figure  1(b)  illustrates  depth  profiles  of  the  Fe  (2P3/2)  and  0  (lsi/2) 
spectra  for  the  surface  of  the  iron  disk  prepared  by  abrasion  and  rinsing 
with  methanol  under  the  argon  atmosphere  in  the  dry  box  and  then  immersed 
in  the  anhydrous  methanol  solution  under  the  same  atmosphere.  A  weak  peak 
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of  oxidized  iron,  probabiy  ferrous  ion  appeared  at  t,  =  0  and  2  s.  Two 
peaks  of  0  (lsi/2)  emerged  at  about  532  and  530.5  eV  in  the  region  of  t, 
up  to  30  s.  The  spectra  of  0  (lsi/2)  will  be  discussed  in  detail  later. 

In  order  to  investigate  the  corrosion  rate  of  bare  iron  in  the  anhydrous 
methanol  solution,  the  impedance  was  measured  of  the  iron  electrode  in  the 
solution  under  the  argon  atmosphere  at  Eoc.  Assuming  a  simple  equivalent 
circuit,  parallel  capacitor-resistor  combination  at  the  electrode 
interface,  the  charge  transfer  resistance  was  obtained  from  the  impedance 
modulus  at  the  maximum  phase  angle  in  the  Bode  diagram.'^  An  example  of 
the  Bode  diagram  for  iron  in  the  anhydrous  methanol  solution  is  shown  in 
Figure  2.  Since  the  faradaic  conductance  Kr,  which  is  the  reciprocal  of 
the  charge  transfer  resistance,  is  proportional  to  the  corrosion  rate  at 
Eoc,  the  values  of  Ki  were  plotted  against  the  immersion  time  ti  in  Figure 
3.  The  figure  shows  the  occurrence  of  iron  corrosion  in  the  electrolytic 
anhyarous  methanol  solution.  Though  the  Kc  values  were  scattered  at  the 
initial  stage  of  the  immersion,  the  corrosion  rate  decreased  with  an 
increase  of  ti.  Retardation  of  the  rate  suggested  that  the  iron  surface 
was  covered  with  a  protective  layer  of  corrosion  product  sparingly  soluble 
in  anhydrous  methanol. 

B.  Formation  of  Ferrous  Methoxide  on  the  Iron  Surface 

Ferrous  or  ferric  methoxide  has  been  presumed  to  form  on  the  iron  surface 
in  anhydrous  methanol  (<  100  ppm  of  water)  under  a  nitrogen  or  oxygen 
atmosphere.^  Farina  et  ai.^  have  assumed  the  formation  of  FeOCUs'*^  in  the 
process  of  iron  corrosion  in  an  acidified  methanol  solution  containing  200 
ppm  of  water.  Ferrous  methoxide  may  play  an  important  role  in  the  process 
of  iron  corrosion  in  anhydrous  methanol  solutions.  The  corrosion  product 
was  identified  by  comparing  an  x-ray  photoelectron  spectrum  of  0  (Is  1/2) 
for  the  product  formed  on  the  surface  in  the  anhydrous  methanol  solution 
with  that  of  synthesized  ferrous  methoxide. 

Figure  4(a)  to  (c)  exhibit  detailed  x-ray  photoelectron  spectra  of  0 
(lsi/2)  shown  in  Figure  1(a)  and  (b)  at  t,  =  2  s  and  a  spectrum  of  0 
(1si/2)  for  ferrous  methoxide,  respectively.  A  peak  of  ferrous  methoxide 
appeared  at  532.0  eV.  Since  the  binding  energy  of  this  peak  was  higher 
than  531.4  and  530.5  eV,  binding  energies  of  peaks  in  the  spectrum  of 
ferric  oxyhydroxide  formed  during  the  preparation  of  the  surface  in  air, 
as  shown  in  (a)  and  (c) ,  a  covalent-like  bond  may  form  between  oxygen  and 
iron  atoms  in  the  methoxide.  The  peak  at  532.0  eV  shown  in  (c)  was 
apparently  distinguishable  from  the  peak  at  531.4  eV  in  (a),  judging  from 
the  reproducibility  and  the  resolution  of  the  binding  energies. 

As  shown  in  Figure  4(b),  the  spectrum  of  0  (181/2)  for  the  iron  surface 
which  was  prepared  by  abrasion  and  rinsing  with  methanol  under  the  argon 
atmosphere  and  then  immersed  in  the  anhydrous  methanol  solution  under  the 
same  atmosphere  revealed  a  peak  at  532.0  eV  and  a  shoulder  at  530.5  eV. 
The  former  peak  was  assigned  to  that  for  atomic  oxygen  of  the  methoxide 
and  the  latter  to  that  for  oxide  ion.  It  was  concluded  that  ferrous 
methoxide  forms  on  the  bare  iron  surface  in  the  anhydrous  methanol 
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solution  of  O.IN  LiClOi .  Because  ferrous  methoxide  is  sparingly  soluble 
in  anhydrous  laethanol,  a  barrier  layer  of  the  deposited  methoxide  formed 
on  the  iron  surface  which  protects  the  surface  against  corrosion  in 
methanol,  resulting  in  the  decrease  of  the  corrosion  rate  with  an  increase 
of  the  immersion  time,  as  shown  in  Figure  3. 

A  shoulder  in  the  spectrum  of  0  (lsi/2)  for  ferrous  methoxide  appeared  at 
330.3  eV  as  shown  in  Figure  4(c),  being  suggestive  of  the  ferrous  oxide 
formation  in  the  steluwAlde.  To  elucidate  a  decomposition  reaction  of 
ferrous  methoxide  to  form  the  oxide,  the  methoxide  was  heated  at  lOOt 
under  a  reduced  pressure  at  13.2  Pa  (10''  lamHg)  and  any  evolved  gas  was 
collected  through  a  trap  chilled  with  liquid  nitrogen.  The  trapped  gas 
was  analyzed  by  gas  chromatography.  The  retention  time  of  the  evolved  gas 
agreed  with  that  of  an  authentic  sample  of  dimethyl  ether.  A  green 
crystal  of  the  methoxide  changed  to  a  black  solid  during  this  experiment. 
Hence,  ferrous  methoxide  decomposes  gradually  forming  ferrous  oxide  and 
dimethyl  ether  as 

Fe(OCH3)2  - -*  FeO  +  CHsOCHs  (2) 

The  presence  of  ferrous  oxide  observed  in  Figure  4(b)  may  be  attributed  to 
the  methoxide  decomposition. 

If  electrochemical  processes  of  iron  corrosion  occur  in  the  anhydrous 
methanol  solution  of  0.1H  LiClO^,  cathodic,  hydrogen  evolution  and  anodic, 
iron  dissolution  reactions  can  be  considered, 

CH3OH  «  -.■■■*  CHjO'  +  H*  (3) 

2H*  +  2e-  - *  Hj  (4) 

Fe  - -»  Fe''*  +  2e'  (3) 

Methoxide  ions  and  ferrov  f  ion  reacted  immediately  to  form  a  precipitate 
of  ferrous  methoxide  as 

2CH3O-  +  Fe^* - ►  Fe(OCH3)2  (6) 

The  layer  of  the  deposited  methoxide  on  the  surface  suppresses  the 
cathodic  and  anodic  reactions,  resulting  in  the  low  corrosion  rate. 

C.  Iron  Corrosion  with  Complexing  Agents  in  Anhydrous  Methanol 

Figure  3  shows  polarization  curves  of  the  iron  electrode  in  anhydrous 
methanol  solutions  of  O.IM  LiC104  without  and  with  IXIO'^M  of  ethylene 
diamine,  2 , 2 ' -bipyridine,  and  1 , lO-phenanthrol ine  under  the  argon 
atmosphere.  The  curves  of  the  electrode  in  the  methanol  solutions 
containing  catechol,  acety lacetone  and  2 , 3-dimercapto-1 -propanol  at 
IXIO'^M  are  also  shown  in  Figure  6.  They  react  with  ferrous  ion  to  form 
stable  complexes  in  aqueous  solutions.'^  Because  these  curves  were  not 
reproducible,  several  runs  were  made  for  each  of  the  anodic  and  cathodic 
curves  and  averages  of  the  curves  are  shown  in  the  figures.  Since  the 
anodic  Tafel  lines  could  not  be  defined  in  some  cases,  no  accurate 
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corrosion  current  densities  were  obtained  by  Tafei  extrapoiat ion. 
Nevertheless,  these  curves  provided  useful  informataions  for  elucidating 
the  processes  of  iron  corrosion  in  an  electrolytic  methanol  solution. 

Well  defined  Tafei  regions  were  exhibited  in  all  cathodic  curves.  Most  of 
the  cathodic  Tafei  lines  in  the  presence  and  absence  of  the  complexing 
agents  were  fairly  close  to  each  other  except  the  line  for  catechol.  The 
values  of  the  cathodic  Tafei  slope  were  markedly  high,  0.39  V/decade  on 
average,  as  compared  with  those  for  iron  in  aqueous  and  nonaqueous 
solutions  of  protic  acids,  suggesting  a  different  mechanism  for  the 
cathodic  process  of  iron  corrosion  in  the  methanol  solutions  from  that  of 
the  hydrogen  evolution  reaction  in  protic  acid  solutions.  Although 
dissociation  constants  of  acety lacetone  (pK.  in  water  =  8.93),  catechol 
(9.19),  and  2 , 3-dimercapto-1 -propanol  (8.38)  in  anhydrous  methanol  must  be 
higher  than  the  value  of  methanol  (16.71)'^,  the  cathodic  reaction  was 
unlikely  associated  with  protons  afforded  by  the  dissociation  of  these 
compounds  except  catechol.  Direct  reduction  of  methanol  may  take  place  at 
the  iron  surface  under  no  influence  of  protons  released  from  complexing 
agents,  as 


2CH3OH  +  2e-  - ►  2CH3O-  +  H2  (7) 

The  complexing  agent  in  the  anhydrous  methanol  solution  affects  the  anodic 
polarization  curve  to  a  greater  extent  than  the  cathodic  one.  2,3- 
Dimercapto-1 -propanol  remarkably  accelerated  the  anodic  process,  probably 
forming  a  ferrous  complex  at  the  surface.  Because  this  complex  was 
dissolved  into  the  methanol  solution,  it  was  considered  that  the  anodic 
reaction  was  markedly  stimulated  by  the  addition  of  the  complexing  agent. 
Catechol  formed  a  layer  of  dark  red  complex  deposit  on  the  surface,  being 
rather  protective  against  iron  corrosion  in  methanol,  as  shown  in  Figure 
6.  The  anodic  process  of  iron  corrosion  in  the  methanol  solution 
containing  IXIO'^M  of  aprotic  complexing  agents  was  stimulated  in  the 
order,  ethylene  diamine  <  2 , 2 ' -bipyridine  <  1 , 1 0-phenanthrol ine.  Since 
this  order  agrees  with  that  of  the  stability  constants  for  Fe^*  complexes 
of  these  agents  in  aqueous  solutions  (pK  =  9.72,  17.2,  and  21.0, 
respectively'®),  the  stimulation  of  anodic  process  with  the  complexing 
agent  is  associated  with  the  stability  of  complex  formation.  Because  the 
complexing  agents  except  catechol  accelerated  the  anodic  process  of  iron 
corrosion  in  the  methanol  solutions  of  the  agents,  soluble  complexes  were 
formed  by  the  reaction  of  ferrous  methoxide  with  complexing  agents,  L  for 
example,  as 

Fe(OCH3)2  +  nL  - -  (FeL„l''*  +  2CH3O-  (8) 

and  ferrous  ion  was  removed  away  from  the  surface,  resulting  in  stimula¬ 
tion  of  the  anodic  process  expressed  by  Equations  (3),  (6),  and  (8).  In 
fact,  x-ray  photoelectron  spectra  for  the  iron  surface  previously  treated 
with  2 , 3-dimercapto-l -propanol  in  the  anhydrous  methanol  solution  showed 
the  presence  of  the  ferrous  complex  and  oxide  only  at  the  outermost  layer 
of  the  surface  within  the  sputtering  time  ts  <  3  s,  as  shown  in  Figure  7. 
Since  peaks  of  the  methoxide  and  oxide  in  the  spectra  of  0  (1si/2)  for  the 
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iron  surface  immersed  in  the  methanol  solution  without  the  complexing 
agent  appeared  even  at  ts  =  30  s,  as  shown  in  Figure  1(b),  it  was 
concluded  that  ferrous  methoxide  was  dissolved  into  the  solution  from  the 
surface  by  the  formation  of  the  complex. 

IV.  Conclusions 

Ferrous  methoxide  forms  as  the  corrosion  product  of  iron  in  an  anhydrous 
methanol  solution  of  O.iM  LiClO^  under  an  argon  atmosphere.  Because  the 
methoxide,  which  is  sparingly  soluble  in  anhydrous  methanol,  precipitates 
on  the  iron  surface  forming  a  barrier  layer,  the  corrosion  rate  decreases 
with  an  increase  of  the  immersion  time.  Polarization  curves  of  an  iron 
electrode  in  the  electrolytic  anhydrous  methanol  solution  containing 
complexing  agents  which  form  stable  complexes  with  ferrous  ion  revealed 
that  the  agents  affect  the  anodic  iron  dissolution  process  to  more  extent 
than  the  cathodic  hydrogen  evolution  reaction.  If  soluble  complexes  form 
at  the  surface  by  reactions  of  the  methoxide  with  the  agents,  the  anodic 
process  is  stimulated.  The  formation  of  a  complex  insoluble  in  anhydrous 
methanol  results  in  suppression  of  the  anodic  and  cathodic  processes. 
Direct  reduction  of  methanol  at  the  iron  surface  to  form  a  hydrogen 
molecule  and  methoxide  ion  was  proposed  as  the  cathodic  reaction.  The 
methoxide  ion  combines  with  the  ferrous  ion  afforded  by  the  anodic 
process,  forming  ferrous  methoxide. 
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FIGURE  1.  X-ray  photoelectron  spectra 
of  Fe  (2p)  and  0  (Is)  for  the  iron 
surface  (a)  prepared  in  air  and  then 
iiimiersed  in  an  anhydrous  methanoi  solu¬ 
tion  of  0. 1M  LiCiO^  under  an  argon 
atmosphere  and  (b)  both  prepared  and 
immersed  in  the  solution  under  an 
argon  atmosphere. 


FIGURE  2.  Typical  Bode  diagram 
(impedance  Z,  phase  angle  i,  and 
frequency  «)  for  iron  in  an 
anhydrous  methanol  solution  of 
O.IH  LiClOf. 


FIGURE  3.  Change  of  the  faradaic 
conductance  Kf  with  the  immersion 
time  ti  for  iron  in  anhydrous 
methanoi  solution  of  O.IM  LiClO^ . 


FIGURE  4.  Detailed  x-ray  photo¬ 
electron  spectra  of  0  (Is)  (a) 
shown  in  Figure  1(a)  and  (b)  in 
Figure  1(b)  at  t.  =  2  s  and  (c) 
for  ferrous  methoxide. 
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FIGURE  S.  Polarization  curves  (poten¬ 
tial  E  and  current  density  i)  of  iron 
in  methanol-0. IN  LiClO^  solutions 
without  {———)  and  with  ethylene 

diamine  ( - ),  2,2'-bipyridine 

(~* — ),  and  I ,  lO-phenanthroline 
( - )  at  IXIO'-'H. 


FIGURE  6.  Polarization  curves  of  iron  in  methanol- 

O.IN  LiClOi  solutions  without  ( - ),  with 

catechol  ( - ),  acety lacetone  ( - ),  and 

2,3-difflercapto-I-propanol  ( - )  at  IXIO'^. 
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Abstract 

Corrosion  and  passivation  of  electroplated  iron  thin  film  In 
pH  6.48  boric  acld-sodlum  borate  solution  were  investigated  by 
using  the  quartz  crystal  microbalance  (QCM)  technique  combined 
with  Auger  electron  spectroscopy  (AES)  for  a  better  under¬ 
standing  of  the  corrosion  of  metal  thin  films.  Moreover, the 
differences  In  corrosion  behavior  between  Iron  thin  films  and 
bulk  iron  were  examined. 

The  passivation  potential  of  iron  thin  films  was  higher  than 
that  of  bulk  Iron.  Bulk  Iron  was  more  easily  passivated  than 
Iron  thin  films.  No  Impurities  were  detected  In  iron  thin  film 
within  the  detection  limit  of  AES.  The  differences  in  corro¬ 
sion  behavior  between  thin  film  and  bulk,  therefore,  were 
attributed  to  a  difference  in  structure. 

The  significant  dissolution  of  iron  preceded  the  formation  of 
the  passive  film  for  passivation  of  iron  thin  films.  The  pre¬ 
dominant  process  of  passivation  of  iron  thin  films  was  the 
anodic  deposition  of  ferrous  Ions  once  dissolved,  which  was 
supported  by  Auger  results  revealing  the  presence  of  signifi¬ 
cant  amounts  of  boron  in  the  passive  film. 

The  anodic  current  of  iron  dissolution  and  cathodic  current  of 
hydrogen  evolution  could  be  separately  obtained  as  a  function 
of  electrode  potential  from  the  mass  change  of  iron  thin  films 
measured  during  galvanostatlc  polarization  near  the  corrosion 
potential . 

Key  terms:  quartz  crystal  microbalance  (QCM).  in  situ  gravime¬ 
try,  iron  thin  films,  corrosion,  passivation 

Introduction 

In  spite  of  many  new,  ex  situ,  surface-analytical  methods  such 
as  x-ray  photoelectron  spectroscopy  (XPS),  Auger  electron 
spectroscopy  (AES),  secondary  ion  mass  spectroscopy  (SIMS), 
and  so  on.  detailed  knowledge  of  the  corrosion  process  in 
aqueous  solution  is  still  lacking.  The  quartz  crystal  micro¬ 
balance  (QCM)  technique  is  capable  of  detecting  small  mass 
changes  in  the  range  of  nanograms  per  centimeter  squared  from 
resonant  frequency  changes  of  quartz  crystal.  Recent  applica¬ 
tion  of  the  QC.M  technique  to  aqueous  systems^ has  succeed- 
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ed  in  performing  in  situ  gravimetry  under  controlled  electro¬ 
chemical  conditions.  The  simultaneous  measurements  of  mass 
change  and  electric  charge  would  provide  a  better  understand¬ 
ing  of  corrosion  processes  of  metals  In  aqueous  systems.  The 
application  of  QCM,  however,  is  limited  to  the  corrosion  of 
thin  films  and  the  corrosion  behavior  of  metal  thin  films 
will  not  be  always  similar  to  those  of  bulk  metals. 

In  this  study,  the  corrosion  and  passivation  of  iron  thin 
films  were  investigated  using  the  QCM  technique  combined  with 
AES  for  better  understanding  of  the  corrosion  processes  of 
iron.  Moreover. the  differences  in  corrosion  behavior  between 
thin  films  and  bulk  iron  were  examined. 

Experimental 

A  QCM  sensor  head(5MHz.  AT-cut  quartz  crystal)  with  an  oscil¬ 
lator  circuit  (TPS  500.  Maxtek.  Inc.)  was  used  in  this  experi¬ 
ment.  Gold  electrodes  were  evaporated  on  both  sides  of  the 
quartz  crystal  in  the  sensor  head. The  geometrical  surface  area 
of  the.  .electrode  was  0.50  cm^.  According  to  Sauerbrey’s  equa¬ 
tion  Uie  mass  sensitivity  of  this  quartz  oscillator  is 
1.77  X  10“°  g  cm“'^  Hz“^.  The  iron  thin  films  with  a  thickness 
of  about  200  nm  were  electroplated  on  one  side  of  the  gold 
electrodes  on  the  quartz  crystal.  The  electroplating  was  per¬ 
formed  in  0-9  M  FeS0^(NH4)^0^‘6H20  under  a  constant  cathodic 
current  density  of  2  x  A  cm“^  for  110  s.  The  current 
efficiency  for  iron  film  formation  obtained  from  a  comparison 
between  mass  change  of  the  QCM  and  cathodic  charge  was  about 
30%. 

Figure  1  shows  the  block  diagram  of  the  electrochemical  QCM 
system.  The  sensor  head  was  mounted  in  an  electrochemical 
cell,  using  a  Teflon  holder  and  clamps.  The  gold  electrode 
covered  with  the  iron  thin  film  on  one  side  of  the  crystal  was 
grounded  and  used  as  a  working  electrode.  The  electrolyte 
solution  employed  for  this  study  was  boric  acid-sodium  borate 
solution  of  pH  6.48  which  was  deaerated  with  ultrapure  nitro¬ 
gen  gas  before  and  during  experiments.  The  iron  thin  film 
immersed  in  pH  6.48  solution  was  cathodLcally  reduced  under  a 
constant  current  density  of  i^=  5  x  10“°  A  cm“^  for  10^  s  to 
remove  an  air-formed  oxide  film.  After  cathodic  reduction,  the 
solution  was  renewed  and  the  iron  thin  film  was  polarized 
potentiodynamically ,  potentiostatically  or  galvanostatically . 

The  changes  in  resonant  frequency  of  the  quartz  crystal  due  to 
mass  change  during  polarization  were  monitored  with  a  frequen¬ 
cy  counter  and  recorded  on  a  personal  computer.  Simultaneous¬ 
ly,  the  changes  in  current  or  potential  were  recorded  on  the 
same  computer.  Iron  plates  with  a  purity  of  99.9%  were  used 
for  comparison  with  the  iron  thin  film  and  were  polarized 
under  the  same  experimental  conditions.  The  depth-profiling 
by  AES  combined  with  argon  ion-etching  was  performed  for  the 
iron  thin  film  electroplated  on  the  gold  plate  in  place  of  the 
evaporated  gold  of  the  quartz  oscillator. 

Results  and  Discussion 
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Cyclic  Voltammogram  and  Gravimetric  Curves  of  Iron  Thin  Films 
-  Figure  2  shows  the  cyclic  voltammogram  (upper)  and  gravimet¬ 
ric  curve  (lower)  of  an  iron  thin  film  in  pH  6.48  solution. The 
potential  scan  (10  mV  s“^)  started  in  the  anodic  direction 
from  the  potential  of  natural  immersion  and  reversed  to  the 
cathodic  direction  at  1.5  V  (SHE).  The  cyclic  scan  was  per¬ 
formed  several  times  between  -  0.8  V  and  1.5  V  (SHE).  For 
comparison,  the  cyclic  voltammogram  of  bulk  iron  is  shown  in 
Fig. 3.  The  cyclic  voltammogram  of  the  iron  thin  film  is  dif¬ 
ferent  from  that  of  bulk  iron.  The  potential  at  maximum  disso¬ 
lution  current  for  iron  thin  film  shifts  by  0.3  V  to  the  noble 
direction  in  comparison  with  that  for  bulk  iron. The  passivity 
maintaining  current  of  the  iron  thin  film  is  higher  than  that 
of  bu3k  iron. The  corrosion  behavior  would  depend  on  tfie 
impurity  level  and  the  structure  of  iron.  Auger  depth  pro¬ 
files  of  iron  thin  films  as  received  indicated  that  no  impu¬ 
rities  such  as  sulfur,  nitrogen,  carbon  and  oxygen  were 
present  in  the  film  within  the  detection  limit  of  AES.  The 
differences  in  corrosion  behavior  between  iron  thin  film  and 
bulk  iron,  therefore,  will  be  attributed  to  a  difference  in 
structure,  because  metal  thin  films  electroplated  are  amor¬ 
phous  or  micro-crystalline  in  comparison  with  the  large  crys¬ 
tal  size  of  bulk  metals. 

The  gravimetric  curve  in  Fig. 2  provides  the  fine  features  of 
corrosion  of  iron  thin  films,  responding  to  the  cyclic  voltam¬ 
mogram.  The  mass  decrease  is  predominant  in  the  active 
dissolution  range,  whereas  a  slight  mass  gain  is  observed  in 
the  active-passive  transition  region.  The  mass  decrease  ap¬ 
pears  again  in  the  cathodic  reduction  current  peak  of  the 
passive  film.  The  net  mass  decrease  of  6.6x10"®  g  cm"^  is 
finally  observed  for  each  cycle. 

Potentiostatlc  Polarization  of  Iron  Thin  Films  -  Figure  4 
shows  the  anodic  current  vs.  time  curve  (upper)  and  mass 
change  vs.  time  curve  (lower)  for  iron  thin  films  subjected  to 
potentiostatlc  oxidation  at  various  potentials.  The  anodic 
current  vs.  time  curve  for  bulk  iron  subjected  to  the  same 
conditions  is  also  shown  in  Fig. 5.  It  is  seen  from  comparison 
of  Fig. 4  (upper)  and  Fig. 5  that  the  iron  thin  film  is  still 
active  at  0  V  (SHE)  where  the  bulk  iron  becomes  passive.  In 
addition,  in  the  passive  region,  the  anodic  current  for  bulk 
iron  is  higher  than  that  for  iron  thin  films  at  the  Initial 
stage  but  decreases  exponentially  with  time.  In  contrast  with 
bulk  iron,  the  anodic  current  for  for  iron  thin  film  decreases 
gradually  with  time,  after  reaching  a  plateau.  The  above 
results  indicate  that  the  iron  thin  film  is  passivated  slowly 
in  comparison  with  bulk  iron. 

It  is  seen  from  the  mass  change  vs.  time  curve  in  Fig. 4  that 
the  mass  of  theiron  thin  film  decreases  with  time  until  the 
anodic  current  passes  through  the  plateau  region.  After  the 
plateau  of  anodic  current, the  mass  increases  and  attains  a 
saturation  value  depending  on  the  applied  potential.  The  mass 
change  vs.  time  curve,  therefore,  reveals  that  a  significant 
dissolution  of  iron  precedes  the  passive  film  formation  of  the 
iron  thin  film. 
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Figure  6  shows  the  quantitative  relation  between  mass  change. 
Am.  and  anodic  charge,  q_  required  for  passivation.  The 
values  of  slopes.  Am/Aq^^  of  the  linear  region  in  the  curves 
are  given  in  Fig. 6.  Assuming  the  possible  corrosion  and 
passivation  processes  of  iron,  the  values  ofAm/Aq_  can  be 
theoretically  derived  for  the  respective  processes  as  follows. 

Fe  =  Fe2*(aq)  +  2e  (1)  Am/Aq  =  -2.9  X  lO'Z  (g  C'^) 

Fe  +  2H2O  =  FeOOH  +  3H^  ♦  3e  (2)  Am/Aq  =  1.1  x  10""  (g  C"^) 

Fe2*(aqT  +  2H2O  =  FeOOH  +  3H*  ♦  e  (3) 

Am/Aq3=  9.2  x  10"^  (g  C"^) 

The  reaction  (1)  represents  the  dissolution  of  ferrous  ions 
from  metallic  iron.  The  two  possible  reactions  (2)  and  (3) 

will  be  proposed  for  the  formation  of  the  passive  film.  FeOOH. 

Reaction  (2)  means  the  direct  formation  of  the  passive  film, 
whereas  reaction  (3)  represents  the  indirect  formation  of  the 
passive  film  due  to  anodic  deposition  of  ferrous  ions  once 
dissolved.  The  slope.  Am/Aq^=  -1.9  x  10"'  (g  C'^)  of  the 
initial  mass  decrease  in  Fig. 6  deviates  significantly  from  the 
theoretical  slope.  Am/Aqg=  -2.9  x  10"'  (g  C"^)  of  the  reaction 
(1),  suggesting  that  the  reaction  (2)  proceeds  simultaneously 
with  the  reaction  (1).  According  to  Kanazawa  and  Gordon 
the  resonant  frequency  of  QCM  in  a  liquid  phase  is  influenced 
by  the  density  and  viscosity  of  the  solution.  This  deviation 
may  be  alternatively  explained  in  terms  of  the  change  in 
density  or  viscosity  of  the  solution  near  the  electrode  sur¬ 
face  due  to  the  enrichment  of  ferrous  ions  which  will  result 
from  the  slow  process  of  diffusion  of  ferrous  ions  into  the 
bulk  solution. 


The  slope,  Am/Aq_  of  the  mass  increase  at  the  1{ 


exceeds  the  theoretical  slope.  Am/Aqg=  1.1  x  10"'  (g  C~^)of 
the  reaction  (2).  Particularly,  the  slope,  Am/Aqg=  9.0  x  10"' 
(g  C"^)  at  0.2  V  (SHE)  Ts  very  close  to  the  theoretical 
slope,  Ara/Aqj^=  9.2  x  10"'  (g  C"^)  of  reaction  (3).  Reaction 
(3),  therefore,  will  be  mainly  contributing  to  the  mass  in¬ 
crease  in  the  latter  stage.  The  Auger  depth  profile  of  passive 
film  formed  at  0.8  V  (SHE)on  iron  thin  films  indicated  that  a 
significant  amount  of  boron  was  present  in  the  outer  layer  of 
the  passive  film.  The  recent  QCM  study  ''  on  anodic  deposition 
of  ferrous  ions  in  pH  6.48  boric  acid-sodium  borate  solution 
suggested  that  the  composition  of  deposited  films  was  close  to 
the  equimolar  mixture  of  FeOOH  and  Fe(0H)oB(0H)4.  The  maximum 
Auger  peak' to-peak  height  ratio,  B(179  eV)/Fe(65i  eV)=  0.30  in 
the  passive  film  on  the  iron  thin  film  exceeded  the  maximum 
value  of  B(179  eV)/Fe(651  eV)=  0.26  in  the  deposited  film 
previously  reported  ,  supporting  strongly  that  reaction 
(3)is  the  predominant  process  for  passivation  of  iron  thin 
films . 


Active  Dissolution  of  Iron  Thin  Films  -  Figure  7  shows  the 
relation  between  mass  change.  Am  and  anodic  charge,  q^  for 
iron  thin  films  subjected  to  active  dissolution  at  0  V  (SHE) 
and  -0.2  V  (SHE).  The  slopes  of  the  linear  relation  in  Fig.  7 
deviate  from  the  theoretical  slope  of  reaction  (1).  The  devia¬ 
tion  may  result  from  the  deposition  of  ferrous  hydroxide  due 
to  the  enrichment  of  ferrous  ions  near  the  electrode  surface 


3881 


as  explained  before.  The  net  reaction  of  ferrous  hydroxide 
formation  is  represented  as  follows. 

Fe  +  2H2O  =  Fe(0H)2  +  2H*  +  2e  (4)  Am/Aqa=  1.8  x  10"*^  (g  C'^) 

Provided  that  reactions  (1)  and  (4)take  place  simultaneously 
in  the  active  region  of  iron  thin  films,  about  a  20  %  contri¬ 
bution  of  reaction  (4)  can  be  calculated  from  the  slopes  of 
the  linear  lines  in  Fig. 7.  However.  the  possibility  of  the 
resonant  frequency  change  of  QCM  resulting  from  a  change  in 
viscosity  or  density  of  solution  near  the  electrode  surface 
due  to  enrichment  of  ferrous  ions  can  not  be  excluded  as  an 
altern"tivc  explanation. 

Figures  8  and  9  show  the  mass  change  vs.  time  and  potential 
vs.  time  curves  for  iron  thin  films  polarized  galvanostatical - 
ly  in  the  anodic  and  cathodic  directions  near  tlie  corrosion 
potential,  respectively.  In  Fig. 8,  the  mass  decreases  linearly 
with  time  and  the  slope  of  the  line  increases  with  increasing 
anodic  current.  On  the  other  hand,  in  Fig. 9,  the  mass  de¬ 
creases  linearly  with  time  but  the  slope  of  the  line  decreases 
with  increasing  cathodic  current.  The  following  hydrogen 
evolution  reaction  (5)  coupled  with  the  reaction  (1)  takes 
place  on  the  iron  thin  film  when  it  is  polarized  near  the 
corrosion  potential. 

2H2O  +  2e  =  H2  ♦  20H'  (5) 

The  net  galvanostatlc  current.  1_,  therefore, is  equal  to  the 
difference  between  the  anodic  current  of  reaction  (1).  i^  and 
cathodic  current  of  reaction  (5).  i^..  i.e.,  i  =  i^  -  i^.  At 
the  slight  polarization  of  the  iron  thin  film'*frora  the  corro¬ 
sion  potential,  reaction  (4)  or  the  possibility  of  resonant 
frequency  change  of  QCM  due  to  the  enrichment  of  ferrous  ions 
can  be  neglected  because  the  dissolution  of  ferrous  ions  is 
small.  Thus,  the  anodic  current  of  reaction  (1),  i^  can  be 
calculated  as  a  function  of  the  electrode  potential  from  the 
linear  slope  of  mass  change  in  Figs. 8  and  9.  Furthermore,  the 
cathodic  current  of  reaction  (5),  i^  can  be  calculated  from 
the  relation  of  i^  =  i^  -  i^. 

The  values  of  i^  and  i^  thus  calculated  are  plotted  versus 
electrode  potential  in  Fig. 10.  The  corrosion  current,  icQj--  of 
iron  thin  films  at  the  corrosion  potential,  E^or  obtained  from 
Fig. 10  is  9.0  x  10~°  A  cm~^  which  was  rather  small  compared 
with  i^or  ^  ^  10"®  A  cm~^  of  bulk  iron  obtained  from 
extrapolation  of  the  Tafel  slope  to  the  corrosion  potential. 

Conclusions 

The  following  conclusions  are  drawn  from  in  situ  gravimetry 
of  corrosion  and  passivation  of  electroplated  iron  thin  films 
in  pH  6.48  boric  acid-sodium  borate  solution. 

l.The  passivation  potential  of  an  iron  thin  film  is  higher 
than  that  of  bulk  iron.  Bulk  iron  is  more  easily  passivated 
than  the  iron  thin  film.  The  difference  in  passivation  between 
iron  thin  films  and  bulk  iron  is  attributed  to  a  difference 
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in  structure. 


2.  A  significant  dissolution  of  iron  precedes  the  passive  film 
formation  for  the  passivation  of  iron  thin  films.  The  anodic 
deposition  of  ferrous  ions  once  dissolved  from  an  iron  thin 
film  is  the  predominant  process  of  passivation,  which  is 
strongly  supported  by  Auger  results  showing  the  presence  of 
significant  amount  of  boron  in  passive  films  formed  on  iron 
thin  films. 

3.  The  possibility  of  deposition  of  ferrous  hydroxide  due  to 
the  enrichment  of  ferrous  ions  near  the  electrode  surface  is 
suggested  for  iron  thin  films  subjected  to  active  dissolution. 
/\1  ternatl  vely ,  it  is  also  suggested  that  the  enrichment  of 
ferrous  ions  near  the  electrode  influences  the  resonant  fre¬ 
quency  of  QCM. 

4.  The  measurement  of  mass  change  during  galvanostatic  polari¬ 
zation  of  i ron  thin  films  near  the  corrosion  potential  has 
succeeded  in  obtaining  separately  the  anodic  current  of  iron 
dissolution  and  the  cathodic  current  of  hydrogen  evolution  as 
a  function  of  electrode  potential. 
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Fig.l  Block  diagram  of  elec¬ 
trochemical  QCM  system 


Fig. 2  Cyclic  voltammogram 
(upper)  and  gravimetrical 
curve  (lower)  of  an  iron  thin 
film  in  pH  6.48  solution 


Fig.  3  Cyclic  voltammogram  of 
bulk  iron  in  pH  6.48  solution 


Fig. 4  Anodic  current  vs. 
time  curve  (upper)  and  mass 
change  vs.  time  curve  (lower) 
of  iron  thin  films  subjected 
to  potentiostatic  oxidation 
at  various  potentials 
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Fig. 5  Anodic  current  vs.  time 
curve  of  bulk  iron  subjected 
to  potent iostatlc  oxidation 
at  various  potentials 


Fig. 6  Relation  between  the 


mass  change, 
charge, 
passivation 
films 


Am  and  anodic 
required  for 
of  iron  thin 


Fig. 7  Relation  between  the  Fig. 8  Mass  change.  Am  vs. 
mass  change.  Am  and  anodic  time  and  potential  vs.  time 

charge,  q  for  iron  thin  curves  for  iron  thin  films 

films  subjected  to  active  polarized  galvanostatically 

dissolution  at  0  V  (SHE)  and  in  the  anodic  direction  near 

-  0.2  V  (SHE)  the  corrosion  potential 

Dashed  line  represents  the 
theoretical  slope  of  reaction 
(1) 
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Fig. 9  Mass  change,  Am  vs. 
time  and  potential  vs.  time 
curves  for  iron  thin  films 
polarized  galvanostatically 
in  the  cathodic  direction 
near  the  corrosion  potential 


Fig. 10  Anodic  current  of  iron 
dissolution  and  cathodic 
current  of  hydrogen  evolution 
obtained  separately  as  a 
function  of  potential  from 
the  measurement  of  mass 
change  during  galvanostatic 
polarization  near  the  corro¬ 
sion  potential 
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Passivation  of  High  Alloyed  Stainless  Steel  in  HCI  at  21^  and  65^ 
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AlMtract 

A  high  alloyed  austenitic  stainless  steel  (20Crl8Ni6.1Mo0.2N)  was  e}qx>sed  to  0.1  M  HCI  +  0.4  M  NaCl  at  22^ 
and  at  6S°C.  Polarisation  of  the  steel  shows  that  it  is  passivated  at  room  temperature  in  the  potential  range  - 
200mV  to  900mV  (SCE).  At  65^  the  current  fluctuates  showing  that  initiation  and  rq>assivation  of  pits  occur. 
ESCA  analysis  of  the  steel  polarised  to  -100  mV  and  SOO  mV  (SCE)  shows  that  the  composition  and  thickness  of 
the  passive  film  is  dependent  on  the  potential  and  the  temperature  of  the  electrolyte.  The  thidcnesses  of  the  passive 
Aims  formed  at  room  temperature  at  the  potentials  -lOOmV  and  500mV  (SCE)  are  12  A  and  17  A.  respectively. 
The  films  formed  at  65°C  are  13  A  and  19  A  at  corresponding  potentials. 

The  passive  film  consists  of  an  inner  oxide  layer  and  an  outer  hydroxide  layer.  Chromium  in  its  three  valence  state 
is  enriched  in  both  phases.  The  cation  content  of  Cr^'*'  in  the  iruier  oxide  formed  at  room  temperature  at  • 
l00mV(SCE)  is  55  at.%.  At  the  higher  potential  the  Cr^'*'  content  has  decreased  to  40  at.%.  At  65°C  the  Cr^''' 
content  in  the  iiuier  oxide  layer  is  about  45  at.%  at  both  potentials.  Molybdenum  is  slightly  enriched  in  the 
outermost  layer  in  its  four  and  six  valence  states.  The  Ni  contents  are  very  low  in  the  films  formed  at  both 
temperatures.  Nitride  is  formed  at  the  interface  between  the  metal  and  the  oxi^  phases.  The  alloying  elements  Ni 
and  Mo  are  eruiched  in  the  metal  phase  under  the  passive  film.  It  is  suggested  that  the  repassivation  properties  of 
the  steel  is  enhanced  due  to  the  enrichment  of  these  elements. 

Key  terms:  ESCA,  stainless  steel,  passivation,  hydrochloric  acid,  elevated  temperature 


Introduction 

High  alloyed,  so  called  superaustenitic,  stainless  steels  have  been  developed  during  the  last  decades.  The 
development  has  gone  from  the  classic  AISI 304  and  316  containing  18Cr8Ni  and  18Cr8Ni2.7Mo,  respectively  to 
all<^  of  the  type  20Crl8Ni6.1Mo0.2N  (UNS  S3 1254).  The  driving  force  for  the  development  of  the  steels  have 
been  the  search  for  material  with  improved  resistance  to  localised  corrosion  in  envirorunents  containing  halogen 
ions.  Measures  of  the  resistance  to  these  envirorunents  are  the  pitting  potential  and  the  critical  pitting  temperature 
(the  temperature  for  initiation  of  pitting  at  400m  V  (SCE)).  For  example,  the  pitting  temperatures  of  AISI  316  and 
UNS  S31254  exposed  to  IM  NaCI,  pH  1  are  45°C  and  90^,  respectively  (1).  Thus,  the  corrosion  properties  of  the 
high  alloyed  steels  are  superior  to  the  standard  materials.  The  influence  of  the  allr^ng  elements  on  the  corrosion 
properties  of  austenitic  stainless  steels  has  so  far  not  been  clarified.  It  is  very  useful  to  point  out  some  observations, 
which  can  be  obtained  from  exposure  of  a  series  of  alloys  to  hydrochloric  acid:  the  polarisation  diagrams  show 
almost  the  same  current  in  the  passive  range;  the  composition  and  the  thickness  of  tlw  passive  films  are  almost  the 
same.  However,  sensitivity  to  pitting  corrosion  is  markedly  different  between  the  alloys.  At  room  temperature  the 
high  alleged  steels  are  passivated  without  pitting  in  the  whole  potential  range  between  their  active  dissolution  and 
transpassive  regions  while  the  low  alloy^  steels  are  attacked  at  low  potentials  close  to  the  active  dissolution 
region. 
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Surface  analysis  techniques,  ESCA,  Auger  and  SIMS  have  shown  that  the  passive  film  filmed  on  the  sur&oe 
stainless  steels  e}q;iosed  to  acids  has  a  duplex  structure.  It  consists  of  an  iimer  barrier  oxide  film  and  an  outer 
hydroxide  film  (2-23).  Chromium  is  mark^y  enriched  in  the  passive  film.  The  Ni-  content  in  the  film  is  low.  The 
outer  hydroxide  layer  consists  mainly  of  Cr-  and  Mo-  hydroxide  (8,12,13).  The  inner  barrier  layer  consists  mainly 
of  Fe  and  Cr  oxide  containing  dissolved  Mo  in  its  four  valence  state  (5,8, 12). 

ESCA  analysis  of  stainless  steels  performed  after  polarisation  to  potentials  in  the  active  and  passive  regions  shows 
that  the  measured  Fe-content  in  the  metal  phase  is  lower  than  the  composition  of  the  all^.  Iron  is  selectively 
dissolved  (2-8,12,13)  and  therd^  found  in  tite  solution  (14).  Molybdenum  and  Ni  are  enriched  in  the  metal  phase 
underneath  the  oxide  (2-8,13-17).  It  has  been  proposed  (3-8,18,19)  that  during  active  dissolution  and  passivation 
of  stainless  steel  a  thin  layer  of  an  intermetallic  compound  is  formed  in  the  outermost  layer  of  the  metal  phase. 
The  electrochemical  and  corrosion  properties  of  the  steel  is  thereby  influenced.  The  enrichment  of  the  alloying 
elements  on  the  surface  lower  the  dissolution  rate  and  enhance  passivation  of  the  alloy.  The  resistance  to  localised 
corrosion  is  increased  because  the  enrichment  of  the  alloying  elements  facilitate  rq)assivation.  It  has  also  been 
prq;x)sed  that  Mo  in  the  steel  raises  the  electric  field  and  so  the  dissolution  occurs  earlier  in  the  repassivation 
process.  Thus  the  onset  of  passivity  is  accelerated  and  hence  the  resistance  to  chloride  induced  pitting  is  improved 
(20). 

The  present  work  is  a  study  of  the  surface  composition  of  the  passive  film  formed  on  the  surface  of  a  high  alloyed 
stainless  steel  during  exposure  to  hydrochloric  acid  at  22%  and  65%.  Attention  is  directed  to  the  distribution  of 
the  elements  in  the  passive  film. 


Experimental 

The  composition  of  the  steel  (Avesta  254  SMO)  is;  wt.%,  20Crl8Ni6.1Mo0.4Si0.4Mn0.7(ru0.2N0.020C-bal.Fe. 
The  samples  were  polarised  in  deaerated  0.1  M  HCI  +  0.4  M  NaCl  at  room  temperature  and  at  65%.  The 
exposures  were  performed  in  an  electrochemical  cell  directly  connected  to  the  ESCA-instrument.  After 
polarisation  of  the  sample  it  was  moved  to  the  analyser  without  exposure  to  air.  The  cell,  made  of  glass  and 
Teflon,  allows  the  electrolyte  to  be  heated  to  almost  100  %.  The  potential  was  measured  with  a  Calomel  reference 
electrode  located  outside  the  cell  at  room  temperature.  All  potentials  in  this  paper  are  referred  to  the  Calomel 
electrode.  The  cell  is  designed  in  a  way  that  crevice  corrosion  is  avoided. 

The  samples  were  pre-tieated  by  grinding  on  emery  paper  down  to  600  mesh  and  then  by  diamond-paste  polishing 
down  to  1pm,  followed  by  ultrasonic  cleaning  in  ethanol.  The  electrolyte  was  deaerated  by  Ar-bubbling  for  2  hours 
before  exposure  of  the  sample.  The  sanq)le  was  activated  at  the  cathodic  potential  -700mV  for  10  min  before 
polarisation.  The  samples  for  ESCA-analyses  were  prepared  by  steiq[>ing  the  potential  fi^om  the  activation  potential 
to  the  potentials  of  interest,  -lOOmV  and  500m V.  The  exposure  time  was  10  min.  The  polarisation  was  interrupted 
by  pouring  isopropyl  alcohol  through  the  cell.  After  rinsing  the  sample  in  methyl  alcohol  it  was  moved  to  the 
ESCA-instrument. 

The  ESCA-instrument  (PHI  5500)  was  operated  with  its  monochromised  A1  Ka  X-ray  radiation.  The  pass  energy 
of  the  analyser  was  23.5  eV.  The  samples  were  analysed  at  the  take-off  angles  30°,  45°  and  80°.  l^e  take-off 
angle  is  defined  as  the  angle  between  the  surface  and  the  entrance  to  the  spectrometer.  The  solid  angle  of  electron 
acceptance  was  the  lowest  possible. 


Results 

Figure  1  shows  polarisation  diagrams  recorded  from  the  steel  exposed  to  0. 1  M  HCI  +  0.4  M  NaCl  in  the  cell 
connected  to  the  ESCA-instrument.  The  sweeping  rate  was  2  mV/s  and  the  temperatures  of  the  electrolyte  were 
22°C  and  65°C.  It  appears  from  the  figure  that  at  room  temperature  the  steel  is  passivated  in  the  range  -200mV  to 
900m V.  The  latter  potential  is  the  beginning  of  the  transpassive  range.  The  passive  current  is  about  10  pA/cm^. 
The  figure  shows  the  characteristic  active  passive  transition  at  both  temperatures.  The  passivation  currents  are  60 
pA/cm^  and  100  pA/cm^  at  room  temperature  and  at  65°C,  respectively.  The  passivation  potential  at  room 
temperature  is  about  80mV  higher  than  the  passivation  potential  at  65°C.  It  appears  from  Fig.  lb.  that  the  current 
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fluctuates  in  the  potential  region  between  -100  mV  and  900  mV.  The  minimum  current  in  this  range  is  about  the 
same  as  the  passive  current  obtained  at  room  temperature.  Thus,  at  65^  the  sur&oe  is  activated  and  rqjassivated. 
Scanning  electron  microscopy  analysis  of  the  surface  after  polarisation  shows  that  pits  are  uniformly  distributed 
over  the  sur&ce.  The  fluctuation  of  the  current  and  the  presence  of  deep  pits  after  polarisation  to  high  potentials 
indicate  that  the  majority  of  the  pits  have  passed  through  the  thr^  states;  initiation,  prt^gation  and 
repassivation.  The  Tafel  slope  of  the  cathodic  reaction  is  140mV/decade  for  both  exposure  temperatures.  The 
hydrogen  reaction  at  is  one  order  of  magnitude  larger  than  at  22°C. 

The  samples  for  ESCA-analyses  were  prepared  by  stepping  the  potential  from  the  activation  potential  to  -100  mV 
or  SOO  mV.  The  current  versus  time  is  illustrated  in  Fig.2.  The  steel  was  polarised  to  SOO  mV  at  65^.  In  this  case 
the  current  fluctuates  due  to  initiation  of  pitting.  The  fact  that  the  current  decay  shows  that  the  pits  are 
repassivated.  The  pits  are  very  small  and  uniformly  distributed  over  the  surface.  The  polarisation  sto|p^  after 
exposure  for  10  min  in  order  to  avoid  uncontrolled  growths  of  pits. 

Figure  3  shows  an  ESCA  survey  scan  recorded  after  polarisation  of  the  sample  to  -lOOmV  for  10  min  at  22°C.  It 
appears  from  the  spectrum  that  photoelectron  signals  and  Auger-electron  signals  from  Ni,  Fe,  Cr,  Mo,  O,  C,  N  and 
Cl  are  detected.  In  spite  of  the  fact  that  the  sample  was  polarised  in  a  NaCl-  containing  solution  Na  is  not  detected. 
The  binding  energy  (BE)  of  Na  Is  is  1072  eV.  Thus,  the  salt  has  been  removed  during  rinsing  of  the  sample. 
Chloride,  on  the  other  hand,  is  present  in  the  oxide  products  formed  on  the  surface  during  passivation. 

ESCA-spectra  recorded  from  narrow  energy  regions  after  polarisation  of  the  steel  at  6S*^C  to  -lOOmV  and  SOOmV 
are  illustrated  in  Fig.4a  and  Fig.4b,  respectively.  The  dott^  curves  represent  the  sum  of  the  deconvoluted  peaks.  It 
appears  that  both  the  oxide  and  the  metallic  states  of  Fe,  Cr  and  Mo  are  detected.  Nickel  is  present  in  the  spectra 
mainly  in  its  metallic  state.  The  signal  from  Ni-oxide  recorded  at  -lOOmV  is  very  low.  Nickel-hydroxide  is 
detected  after  polarisation  to  SOOmV.  The  oxide  states  of  the  other  elements  are;  Fe  is  present  in  its  di-  and  tri¬ 
valence  states;  the  Cr-signal  is  divided  into  two  signals  representing  Cr^’^  in  oxide  and  hydroxide  (6,7)-  Mo  occurs 
in  its  four  and  six  valence  states  (6,  7).  The  oxygen  signals  are  splitted  into  three  peaks  representing  Cr*,  OH*  and 
H2O.  The  amount  of  Fe-oxide  formed  is  higher  at  the  higher  potential.  The  Cr-and  the  O-spectra  show  that  the 
hydroxide  state  of  these  elements  dominate  at  the  low  potential.  It  will  be  shown  that  the  oxide  products  formed  on 
the  surface  consists  of  a  duplex  layer;  an  inner  oxide  layer  and  an  outer  hydroxide  layer.  The  interpretation  of 
nitrogen  is  very  difficult  for  Mo-alloyed  steels  because  the  only  available  N-signal,  N  Is,  overlap  the  Mo  3p3^2 
signal.  The  two  N-signals  shown  in  the  spectra  represent  nitrogen  in  nitride  (BE=397.S  eV)and  ammonium 
(BE=400. 1  eV),  respectively.  The  figure  shows  a  higher  nitride-signal  from  the  sample  polarised  to  the  higher 
potential  compared  to  the  low  potential.  This  finding  may  indicate  that  the  formation  of  nitride  depends  on  the 
potential.  The  N(H4N^)-  peak  is  found  even  on  the  surface  of  non-  N-  containing  steels.  The  nitrogen  source  is 
probably  NO*3  and/or  NO*2  present  as  impurities  in  the  water.  It  is  suggested  that  anunonium  is  formed  during 
polarisation  to  low  potentials  during  preparation  of  the  sample.  The  recorded  intensities  of  the  metallic  state  of  Mo 
is  about  the  same.  Signals  representinfj  CT-  ions  occur  in  the  spectra.  As  pointed  out  above,  Na'*'-  signals  were  not 
detected.  The  Cl  2p  signals  are  separated  into  their  Cl  2p]/2  and  Cl  2p3/2  peaks.  The  recorded  signals  show  that 
CT-  ions  exist  in  two  different  states  because  two  pares  of  signals  are  detected.  The  low  intensity  high  binding 
energy  component  of  Cl*,  Cr(HB),  represents  CT  bound  to  N  in  H4NCI.  The  intensity  ratio  between  Cl* 
(HB)^(H4N^)  are  approximately  constant  for  all  angles. 

Angle  dependent  FSCA-analyses  have  been  performed  after  polarisations.  Figure  S  illustrates  the  signals  Cr 
2p3/2,  Ols,  N  Is  and  Mo  3p3/2  recorded  at  the  take-off  angles  30®,  45®  and  80®  after  polarisation  to  SOOmV  at 
65®C.  It  appears  that  the  intensity  ratios  Cr^‘*’(hy)/Cr^'''(ox)  and  C^*(hy)/o2-(ox)  increase  with  decreasing  take¬ 
off-angle.  This  is  a  proof  for  the  statement  above  that  the  reaction  products  consists  of  an  inner  oxide  layer  and  an 
outer  hydroxide  layer.  The  angle  dependent  intensities  of  the  peaks  from  the  N  Is,  Mo  3p3/2  region  shows  that 
Mo^*^  is  present  in  the  outer  hydroxide  layer  and  that  Mo^'^(ox)  is  present  in  the  inner  oxide  layer  due  to  the  fact 
that  the  intensity  ratio  Mo^'^'^do'^'*'  increases  with  decreasing  take-off  angle.  It  also  appears  that  N(H4N^)  is 
present  in  the  outermost  surface  layer,  because  the  intensity  ratio  N(H4N^)/Mo^'''  is  independent  of  the  take-off 
angle.  Further,  it  appears  that  nitride  is  formed  at  the  metal/oxide  interface;  the  intensity  ratio  N(nitride)/Mo^''' 
increases  with  the  take-off  angle.  Formation  of  nitride  at  the  oxide/metal  interface  has  been  reported  earlier  (18). 
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The  tliickiiess  and  the  composition  of  the  films  can  be  calculated  using  the  fonnulas  (4^); 
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Where  and  are  the  measured  intensities  oi  element  1  in  the  oxide,  ox,  and  the  metal,  me,  phme, 
req)ectively.  D  is  the  atomic  density  of  the  element,  Y  the  relative  photoelectron  yield  &ctor,  X  is  the  attenuation 
length  of  tte  photoelectrons,  tfi*  arid  a^  the  thicknesses  of  the  passive  film  and  contamination  layer,  respectively. 

The  thickness  of  the  oxide  is  obtained  by  dividing  Eqns.  1  and  2: 
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The  potential  dependence  of  the  passive  film-thickness  is  shown  in  Figs.  6a  and  6b  after  passivation  at  22^  and 
6S^C,  respectively.  It  appears  that  the  thidoiess  of  the  film  increases  with  the  potential  and  the  temperature.  The 
hydroxide  layer  is  about  6  A  thick  and  its  thickness  is  almost  independent  of  the  potential  and  temperature.  At  the 
low  potential,  -lOOniV,  the  steel  is  passivated  without  pitting  corrosion.  At  this  potential  the  thiduiesses  of  the 
oxide  barrier  phases  formed  at  22^  and  at  65°C  are  6  A  and  7  A,  reqrectively.  Polarisations  to  SOOmV  at  the  two 
temperatures  give  1 1  A  and  13  A  thick  inner  oxide  layers. 


The  concentration  obtained  fi'om  the  measured  intensities  taking  into  account  the  total  thickness  of  the  film,  the 
electron  yield  factors,  the  take-off  angle  and  the  attenuation  lengths  is  called  "integrated  concentration".  It  does 
not  take  into  account  the  fact  that  the  species  are  present  in  two  different  phases.  On  the  other  hand,  the  integrated 
concentration  is  one  way  to  present  the  recorded  intensities  in  a  normalised  manner.  Figure  7  shows  the  integrated 
concentrations  of  the  reaction  products  as  ftmetion  of  take-off  angle.  The  oxide  products  were  formed  on  the 
surface  of  the  steel  during  polarisation  to  the  two  potentials  and  the  two  temperatures. 

It  aiq)ears  from  the  figure  that  the  integrated  concentrations  of  OH",  Cr^'*'(hy),  Mo^'*’  and  Mo^'*'(hy)  decrease  with 
increasing  take-off  angle.  For  the  species  O^",  Cr^‘''(ox),  Fe®’^  (Fe^''’+Fe^'^  and  Mo'^'*'  the  concentrations  increase 
with  the  angle.  Therd)y,  the  first  group  of  the  elements  are  located  in  the  outer  region  of  the  passive  film  and  the 
latter  group  of  the  elements  in  the  inner  part  of  the  reaction  products.  In  the  case  of  Cl*  the  tendency  is  not  clear.  It 
seems  that  the  integrated  concentration  is  independent  of  the  take-off  angle.  This  indicates  that  CI*-  ions  are 
distributed  throughout  the  oxide  and  the  hydroxide  layers.  However,  it  has  to  be  mentioned  that  the  sqiaration  of 
the  signals  in  their  elementary  states  is  very  difficult  due  to  the  complexity  of  the  spectra;  the  contribution  of  the 
oxygen  signal  representing  oxygen  bound  to  carbon  in  the  contamination  layer  has  to  be  removed  (7);  Ni-Auger 
signals  overlap  Fe  2p  (not  shown  in  Fig. 4.)  and  its  contrilmtion  has  to  be  taken  into  consideration;  the  Mo  3d 
signal  consists  of  overlapping  spin-orbital  peaks. 
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Figure  8  shows  the  concentrations  of  the  cations  in  the  hydroxide  and  in  the  oxide  as  function  of  potential  and 
temperature.  It  appears  that  the  Cr^'*'  is  the  dominating  cation  species  in  the  hydroxide  at  both  potentials  and 
temperatures.  The  Cr^'^'-content  of  the  hydroxide  products  form^  at  room  temperature  is  about  80  at.%  and 
almost  independent  of  the  potential.  At  6S^C  the  Cr^'^'-contents  are  slightly  lower  at  •  lOOmV  and  about  the  same, 
80  at.%,  at  500m V.  The  remainder  cations  in  the  hydroxide  are  mainly  Mo'^'*'  and  Mo^'*'.  At  the  low  potential  the 
total  Mo^'*'  and  Mo^'*'  -contents  at  room  tei^ratiue  and  at  65*^  are  20  at.%  and  30  at.%,  respectively.  The  Fi^. 
8a  and  8c  indicate  that  the  Mo'^'*'  and  Mo”'*'-  contents  decrease  with  the  potential.  Determination  of  the  Ni^- 
content  is  uncertain.  However,  the  Figs.  8a  and  8c  indicate  a  small  amount  of  Ni^''‘-ions  in  the  hydroxide  layer  at 
500mV. 

The  barrier  layer  consists  mainly  of  Fe-  and  Cr-oxi<tes.  The  Figs.  8b  and  8d  show  that  the  Cr^'*'-concentration 
decreases  with  the  potential  at  both  temperatures  at  the  same  time  as  the  Fe*^’‘-content  increases.  At  room 
temperature  the  sum  of  Cr^'*'  and  Fe^’^  is  about  90  at.%.  Molybdenum  in  its  four  valence  state  and  Ni^'*'  occur  in 
the  inner  oxide  layer  formed  at  -lOOmV.  At  room  temperature  the  contents  of  Mo^'*'  and  Ni^'*'  are  about  5  at.%  for 
each  of  the  elements.  At  65^  the  cation  contents  of  these  elements  are  slightly  higher.  Further,  it  appears  from 
Fig.8  that  at  both  temperatiues  the  contents  of  Mo^'*'  and  Ni^'*'  in  the  oxide  decreases  with  the  potential.  At  500 
mV  the  concentrations  of  these  elements  are  low. 


Discussion 

In  this  study  a  high  alloyed  stainless  steel  was  polarised  at  room  temperature  and  at  65°C  to  -lOOmV  and  500mV 
for  10  min  in  0. 1  M  HCI  +  0.4  M  NaCl.  The  steel  is  passivated  at  room  temperature  at  both  potentials  and  at  65*^ 
at  -lOOmV.  The  potentiostatic  recording  at  65°C  and  500mV  shows  that  initiation  and  repassivation  of  pits  occur. 
The  combination  of  high  potential  and  high  temperature  was  chosen  in  order  to  make  it  possible  to  analyse  the 
composition  and  the  thickness  of  the  passive  film  during  breakdown.  The  pits  formed  can  be  observed  in  a 
microscope,  but  they  are  small  and  cover  only  a  fraction  of  the  sur&ce.  The  contribution  to  the  ESCA-signals  from 
the  pitted  areas  can  therefore  be  neglected. 

The  analysis  shows  that  the  thickness  of  the  passive  film  increases  with  both  the  temperature  and  the  potential.  At 
room  temperature  the  overall  thicknesses  of  the  surface  products  formed  at  -lOOmV  and  at  500mV  are  12  A  and 
17  A,  respectively.  The  corresponding  values  at  65®C  are  14  A  and  19  A. 

The  passive  film  consists  of  an  iiuier  barrier  film  of  oxide  and  an  outer  film  of  hydroxide.  Formation  of  the 
hydroxide  is  one  of  the  first  step  in  the  passivation  process.  It  is  suggested  that  the  hydroxide  layer  does  not 
contribute  to  the  limitation  of  the  current.  In  stead  it  is  the  properties  of  the  inner  oxide  layer  which  give  the 
characteristic  limitation  of  the  current  in  the  passive  state.  The  inner  oxide  layer  is  formed  by  deprotonation  of  the 
hydroxide  layer.  The  thickness  of  the  hydroxide  layers  is  found  to  be  6  A.  In  a  previous  study  (8)  of  the  same 
material  polarised  at  room  temperature  to  the  same  potentials  the  composition  and  the  thiduiess  of  the  barrier 
layer  was  found  to  be  the  same  as  in  this  study.  However,  the  thickness  of  the  hydroxide  layer  was  estimated  to  be 
4.2±1  A  in  that  study  (8)  compared  to  6  ±  1  A  found  in  this  study. 

The  hydroxide  layer  consists  mainly  of  Cr(OH)3.  The  Cr^'*'-  content  in  the  hydroxide  layer  is  significantly  higher 
at  room  temperature  than  at  65  ®C.  It  was  not  possible  to  clarify  any  potential  dependance.  The  standard 
deviations  from  the  three  measurements  performed  at  each  set  of  parameters  are  larger  than  the  variation  of  the 
average  values.  Nickel  can  only  be  detected  at  the  high  potential,  500  mV,  in  the  hydroxide  layer.  The  Ni- 
spectrum  shows  a  characteristic  Ni^'*'-  hydroxide  signal  which  make  it  possible  to  separate  Ni^'''-hydroxide  from 
Ni^"*"-  oxide.  The  angle  dependent  ESCA-  analysis  of  the  samples  polarised  to  -100  mV  indicates  that  Mo^'*'  and 
Mo^'*'are  present  in  the  outer  hydroxide  layer.  At  500  mV,  Fig.  7,  the  contents  of  these  species  are  about  1  at.% 
(integrated),  which  make  it  difficult  to  see  ai^  clear  angle  dependence.  The  analysis  indicates  that  Fe^'*'  and  Fe^*** 
are  present  in  the  oxide.  However,  the  angle  dependent  ESCA-technique  is  in  fact  a  relatively  crude  method  for 
determination  of  the  distribution  of  the  elements  in  the  oxide  products.  It  can  not  be  excluded  that  even  Fe^'*'  and 
Fe^'*'  species  are  present  to  a  low  extent  in  the  hydroxide  because  iron  as  well  as  the  other  alloying  elements  are 
dissolved  through  the  hydroxide  layer. 
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The  enrichment  of  Cr(OH)3  and  dissolution  of  Fe*hydroxides  on  the  suilace  is  unexpected  from  thennodynamic 
point  of  view  because  the  solubility  of  Cr(OH)3  is  larger  than  the  solubility  of  Fe-hydroxides  in  acids  (21).  Thus, 
formation  of  Cr(OH)3  on  the  surface  mu^  be  due  to  reaction  kinetic  factors;  it  is  known  (22)  that  Cr^'*'-  complexes 
react  very  slowly  and  thereby  the  Cr(OH)3  layer  can  be  maintained  on  the  surface. 

The  cation  content  of  Cr^'*'-  ions  in  the  barrier  oxide  layer  is  about  SO  at.%  at  -  100  mV.  It  is  slightly  higher  at 
room  temperature  than  at  6S°C.  Taking  into  account  the  difference  in  oxide  thickness  it  is  found  that  the  total 
amount  of  Cr^'^'-ions  in  the  oxide  becomes  the  same  at  the  two  temperatures.  The  Fe^’^-concentration  is  about 
40at.%  at  the  low  potential.  Polarisation  to  the  higher  potential  decreases  the  Cr^*^  concentration  so  that  Fe^’^ 
becomes  the  dominating  cation  species  in  the  oxide.  The  Ni^*^  and  Mo^'^'concentrations  depend  on  the 
temperature  and  the  potential.  At  SOO  mV  the  contents  of  Mo^'*'  and  Ni^'*'  are  very  low  at  both  temperatures,  while 
at  the  lower  potential  the  contents  of  these  elements  are  in  the  range  4  to  8  at.%.  The  concentrations  of  both 
elements  are  slightly  higher  at  6S°C  than  at  22  The  content  of  Mo^*^  at  the  low  potential  is  about  twice  as 
high  as  the  Mo  content  of  the  alloy. 

This  study  confirm  earlier  results  (2-7)  that  the  contents  of  the  alloying  elements.  Mo  and  Ni,  in  the  passive  film 
decrease  with  the  potential.  As  demonstrated  the  concentrations  of  these  elements  in  the  barrier  layer  is  very  low. 
Molybdenum  and  Ni  are  found  in  the  outer  hydroxide  layer.  It  has  been  suggested  (18)  that  Mo^'*'  -  ions  form 
molybdate  in  the  outer  layer  and  causes  deprotonation  of  the  hydroxide  layer.  In  this  study  the  Mo^'*' 
concentrations  and  the  hydroxide  thicknesses  are  almost  the  same  for  all  potentials  and  temperatures.  Thereby, 
these  results  neither  support  nor  contradict  the  model  (18).  However,  it  has  been  stated  (13)  that  the 
hydroxide/oxide  ratio  increases  with  Mo^'*'  present  in  the  hydroxide  layer. 

The  passivation  properties  of  stainless  steels  depends  on  the  composition  of  the  alloy,  the  chemical  stability  of  the 
passive  film,  the  driving  force  and  the  difiusibility  of  the  alloying  elements  through  the  film.  It  is  suggested  that 
pure  Cr203  should  give  the  best  protection  against  break  down  of  the  passive  state.  Pure  chromium  is  passivated 
by  formation  of  a  layer  of  Cr203  (23),  which  is  thinner  than  the  thickness  of  the  passive  film  formed  on  stainless 
steel.  The  increased  thickness  of  the  film  formed  on  stainless  steel  is  due  to  the  fact  that  lower  valence  species  than 
the  dominating  three  valence  ions  of  Cr  and  Fe  are  present.  The  presence  of  Fe^"^  and  Ni^"*"  ions  will  be 
accompanied  by  vacancies  and  thereby  the  ionic  mobility  will  increase.  It  has  been  proposed  (7)  that  the  point 
defects  are  cancelled  by  the  presence  of  higher  valence  ions  such  as  Mo'^'*'  in  the  barrier  layer.  Thus,  the  more 
defect  free  oxide  will  be  less  able  to  dissolve  the  metal. 

The  role  of  the  alloying  elements  Mo  and  Ni  on  the  corrosion  properties  of  stainless  steel  is  not  very  easy  to 
understand  from  the  composition  of  the  passive  film.  At  the  highest  potential  and  temperature  where  pitting  is 
initiated  but  repassivation  occurs  the  content  of  the  alloying  elements  in  the  passive  film  is  low.  Thus,  this  finding 
indicates  that  the  role  of  the  alloying  elements  Mo  and  Ni  is  another  than  formation  of  a  stable  passive  film. 
Earlier  works  have  shown  (3-7)  that  Fe  is  selectively  dissolved  and  that  the  alloying  elements  (Cr.  Ni  and  Mo)  are 
enriched  on  the  surface  in  their  metallic  states  during  active  dissolution.  It  has  been  suggested  that  the  enriched 
surface  layer  lower  the  dissolution  rate  and  enhance  the  passivation  of  the  alloy.  A  support  for  the  idea  can  be 
obtained  from  polarisation  diagrams  recorded  from  series  of  alloys  polarised  in  acid  solutions  (5-7,24).  The 
polarisation  diagrams  show  that  the  current  in  the  passive  range  is  almost  independent  of  the  alloy  composition. 
The  passivation  current,  the  maximum  cunent  at  the  active  passive  transition,  on  the  other  hand  is  markedly 
dependent  on  the  alloy  composition.  The  Mo-  containing  alloys  show  at  least  one  order  of  magnitude  lower  current 
than  the  non-  Mo  containing  alloys.  Initiation  of  pitting  gives  a  surface  state  which  is  similar  to  active  dissolution 
apart  from  the  fact  that  the  potential  is  higher.  It  is  suggested  that  repassivation  is  stimulated  by  the  anodically 
segregated  alloying  elements.  The  enrichment  of  the  alloying  elements  under  the  passive  film  is  indicated  even  in 
this  study.  However,  it  has  not  explicitly  been  shown  in,  because  the  surface  is  covered  with  a  relatively  thick  film 
which  make  the  interpretation  not  straight  forward. 
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Coacliuioot 


•  The  siqwraustenitic  stainless  steel,  UNS  S3  12S4,  is  passivated  at  room  temperature  in  0. 1  M  HCI  0.4 

M  NaCl.  At  65  initiation  and  repassivation  of  pitting  occur. 

•  The  thickness  of  the  passive  film  formed  at  22  ^  at  -100  mV  and  at  500  mV  (SCE)  are  12  A  and  17  A, 
respectively.  The  corresponding  values  at  65  °C  are  14  A  and  19  A. 

•  The  passive  film  consists  of  an  inner  barrier  oxide  film  and  an  outer  hydroxide  film. 

•  The  outer  hydroxide  h^er  is  6  A  thick  and  its  thickness  is  independent  of  the  potential  and 
temperature. 

•  The  inner  oxide  barrier  consists  mainly  of  Cr  and  Fe-oxides.  At  -100  mV  (SCE)  Mo^'*'  and  Ni^'*'  are 
present.  The  cation  contents  of  these  elements  are  in  the  range  4  at.%  to  8  at.%.  At  5(X)  mV  (SCE)  the 
contents  of  Ni^'*'  and  Mo^'*'  are  lower  than  at  -100  mV(SCE). 

•  The  Cr^'*'  content  of  the  inner  barrier  film  decreases  with  the  potential.  The  loss  of  Cr^'^-ions  is 
compensated  with  Fe^'*'  and  Fe^'*'-ions. 

•  The  hydroxide  layer  consists  mainly  of  Cr(OH)3.  The  other  cations  present  are  Mo^'*',  Mo^'*'  and  Ni^'*' 
but  their  concentrations  are  low. 

•  It  is  proposed  that  the  allt^g  elements  are  enriched  on  the  surface  of  the  pits  during  their  activation  and 
ther^  repassivation  is  enhanced. 
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Figure  1.  Polarisation  curves  of  the  alloy  exposed  Figure  2.  Cmrent  versus  time  for  the  steel 

to  0.1  M  HCl  +  0.4  M  NaCl  at  UPC  and  6S<^.  polarised  to  SOO  mV(SCE)  at  6S°C. 

Sweeping  rate  was  2.0  mV/s.  The  arrows  nuuk 
the  potentials  to  which  the  samples  were  polarised 
before  surface  analysis. 
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I _ BINDING  ENERGY  (eV) _ 

Figure  3.  ESCA  survey  spectra  recorded  after  polarisation  of  the  sample  to  -100  mV  for  10  min  at  22%. 
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Figure  4.  ESCA  spectra  recorded  (iake-o(T angle  45°)  after  ixrlarisation  of  Uic  steels  at  65°C  to  -100  mV  and  500  niV(SCI- 1 


Figure  5.  ESCA  spectra  recorded  at  the  take-off  angles 
30°,  45°  and  80°  after  polarisation  to  -100  mV(SCE)  at 
65°C. 


oassivt  film,  o/o 


XPS  and  Electrochemical  Studies  of  the  Dissolution  and  Passivation  of 
Molybdenum-implanted  Austenitic  Stainless  Steels 


E.  De  Vito 

Laboratoire  de  Physico-Chimie  des  Surfaces 
CNRS  (LIRA  425).  Universite  Pierre  el  Marie  Curie 
Ecole  Nationale  Superieure  de  Chimic  de  Paris 
1 1.  rue  Pierre  et  Marie  Curie,  75005  Paris.  France 

P.  Marcus 

Laboratoire  de  Physico-Chimie  des  Surfaces 
CNRS  (URA  425),  Universite  Pierre  et  Marie  Curie 
Ecolc  Nationale  Superieure  de  Chimie  de  Paris 
1 1,  rue  Pierre  et  Marie  Curie.  75005  Paris.  France 


Abstract 

X-ray  Photoeicctron  Spectroscopy  (XPS)  was  used  to  investigate  the  chemical  composition  and  the  chemical  states 
of  the  passive  film  formed  on  austenitic  stainless  steels  (Fe-19Cr-10Ni  (at.%))  which  have  been  implanted  with 
molybdenum  (Mo*.  100  keV.  2.5x10''’  at./cm-). 

Prior  to  passivation  the  implanted  alloy  was  characterized  by  RBS  (Rutherford  Backscattering  Spectroscopy )  and  XPS. 
Alloys  w  ith  well-defined  surface  concentrations  of  molybdenum  w  ere  prepared  by  ion  sputtering  the  implanted  alloy 
in  the  preparation  chamber  of  the  spectrometer,  to  a  fixed  point  in  the  implantation  profile.  The  samples  were  then 
transferred  without  air  exposure  to  a  glove  box  with  inert  gas  in  which  the  electrochemical  measurements  were 
performed.  After  passivation,  return  transfer  of  the  passivated  samples  was  done  with  the  same  transfer  dev  ice  to  avoid 
e.\posure  to  air. 

In  0.5  M  H.SO^.  the  anodic  dissolution  current  density  decreases  with  increasing  Mo  content  on  the  alloy  surface. 
Surface  analy  sis  by  XPS  showed  that  the  surface  is  enriched  with  moly  bdenum  in  the  Mo^  chemical  state.  The  current 
density  in  the  passive  state  is  similar  for  both  the  non-implanted  and  the  implanted  alloys.  Surface  analy  sis  by  XPS 
showed  that  the  passive  film  has  a  bilay  er  structure  (inner  oxide  and  outer  hydroxide)  and  that  the  hydroxide  layer 
present  on  the  surface  of  the  passive  film  is  markedly  enriched  with  molybdenum  in  the  Mo'’*  chemical  state.  The  XPS 
measurements  indicate  that  the  presence  of  molv  bdenum  favors  the  formation  of  chromium  hydroxide  at  the  e.\pense 
of  chromium  oxide.  A  significant  enrichment  of  the  alloyed  (Cr.Ni)  and  implanted  (Mo)  elements  was  also  observ  a 
in  the  metallic  phase  under  the  passive  film.  The  possible  mechanisms  of  the  effect  of  molybdenum  on  the  corrosion 
resistance  of  stainless  steels  are  discussed  in  the  light  of  the  obtained  surface  analytical  results. 

Key  terms  :  passiv  ity.  stainless  steel,  molybdenum,  ion  implantation.  XPS. 

Introduction 

Moly  bdenum  is  know  n  for  its  beneficial  effect  on  the  corrosion  resistance  of  stainless  steels.  Several  surface 
analysis  studies  have  been  carried  out  to  understand  the  exact  role  of  this  clement  in  the  passivation  and  corrosion 
mechanisms  of  Fe-Cr-Ni  alloy  s  (1-5).  The  relatively  low  concentration  of  molybdenum  in  these  alloys  makes  the 
molybdenum  XPS  signal  difficult  to  analyse  in  a  quantitative  manner  and  thus  the  results  remain  somewhat 
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ambiguous.  To  overcome  this  difficulty,  a  pure  pol\ crystalline  austenitic  stainless  steel  has  been  implanted  with 
molybdenum  ions.  This  technique  allowed  us  to  obtain  significant  moly  bdenum  concentrations  in  the  alloy  and  thus 
to  enhance  the  effects  of  Mo.  The  molybdenum-implanted  stainless  steels  used  in  this  study  have  already  been 
cha^actcri^cd  in  a  previous  work  (6)  using  XPS  and  RBS.  In  this  work,  electrochemical  measurements  have  been 
carried  out  in  0.5M  H,SO^  and  surface  analy  ses  by  XPS  have  been  done  after  polarization  in  the  active  and  in  the 
passi\  e  regions  in  order  to  relate  the  electrochemical  beha^  iour  w  ith  the  chemical  composition  of  the  surface  films. 

Experimental  Procedure  and  Reference  Data  for  Quantitative  Analysis 

The  implanted  alloy  is  a  304  type  austenitic  stainless  steel  supplied  by  UGINE  (F).  The  alloy  composition  is  given 
in  Table  1 .  Discs  of  10  mm  diameter  w  ere  prepared  by  spark  machining.  After  mechanical  polishing,  finished  with 
0.5  pm  diamond  paste,  the  samples  w  ere  implanted  w  ith  moly  bdenum  at  UNIREC  (F).  The  implantation  conditions 
arc  reported  in  Table  2.  RBS  measurements  ha\e  been  performed  in  the  Van  de  Graff  aecelerator  of  the  Groupe  de 
Phy  sique  des  Solidcs  -  Universite  Paris  VII. 

XPS  studies  ha\eboenpcrfomxxl  with  a  VG  ESCALAB  MARK  11  spectrometer  using  the  Mg  Ka  X-ray  source  (hv=  1253.6eV). 
The  pass  energy  was  20  eV  for  the  high  resolution  spectra  of  Fe  2pj,.  Cr  2p^^.  Ni  2p^^.  M)  3d.  O  Is.  C  Is  and  S  2p  and  50  eV  for 
the  survey  specua.  The  X-ray  power  was  300  Watts.  The  references  for  the  reported  binding  energies  are:  Au  4f,  ^  at 
83.8  eV  and  Cu  2p, ,  at  932.7  eV.  Angle-resoK  ed  measurements  were  performed  at  take-offangles  6=45°  and  0=90° 
(angle  of  the  sample  surface  w  ilh  the  direction  of  the  analyser).  Depth  profiles  were  obtained  by  sputtering  the  surface 
with  argon  ions.  Two  ion  guns  were  used.  The  sputtering  conditions  for  the  preparation  of  the  samples  before 
passi\ation  were  4k V.  pAr=10  ''  mbar  and  a  current  density  of  12  pA  cm  -  using  a  VG  AG21  ion  gun  mounted  in 
the  preparation  chamber  attached  to  the  spectrometer.  A  VG  AG60  ion  gun  mounted  in  the  analy  sis  chamber  was 
used  for  sputter  depth  profiling  of  the  passite  films,  under  the  following  conditions:  2.5-3  kV.  pAr =10'  mbar  and 
a  current  density  of  1  pA  cm  ^  Prior  to  the  electrochemical  measurements,  the  samples  w  ere  cleaned  by  ion  sputtering 
in  the  preparation  chamber  of  the  spectrometer  as  described  abo\e  and  analysed  by  XPS.  They  were  then  transfened 
w  ithout  e.xposurc  to  air.  using  a  special  transfer  \csscl.  into  a  glove  bo.\  under  inert  gas  where  the  electrochemical 
experiments  were  carried  oul.The  electrochemical  cell  was  composed  of  a  saturated  sulfate  reference  electrode,  a  Pt 
counter  electrode  and  a  working  electrode.  A  PAR  model  273  poientiostat  interfaced  to  an  IBM  PC  computer  was 
used.  The  elcctroly  te  w  as  0. 5M  H,SOj  prepared  w  ilh  ultra-pure  water  and  pure  sulphuric  acid.  After  electrochemical 
treatments,  the  sample^  were  extracted  from  the  solution  under  potential,  rinsed  in  ultra -pure  water,  dried  in  nitrogen 
gas  and  then  transferred  back  to  the  spectrometer  w  ithout  exposure  to  air.  Angle-resoh  ed  XPS  analysis  coupled  with 
sputter  depth  profiling  were  then  carried  out.  The  experimental  procedure  is  summarized  in  Figure  1. 

The  data  processing  of  the  high  resolution  spectra  of  Fc2p.  Cr2p,  Ni2p.  Mo3d.  Ols  and  S2p  allowed  us  to  identify 
the  elements  and  their  x  alencc  states  in  the  passive  films,  i  he  data  processing  is  based  on  reference  data  acquired 
w  ith  reference  materials.  Oxides  of  the  pure  metals  have  been  prepared  in  the  preparation  chamber  of  the 
spectrometer  and  analy  sed  in  order  to  characterize  the  different  oxidation  states  of  the  alloyed  elements.  The 
parameters  derived  from  a  prex  ious  work  (6).  from  this  work  and  from  literature  data  (2,7)  were  used  for  curve  fitting 
of  the  XPS  spectra.  After  background  subtraction  (ilcratix  e  Shirley  method),  the  spectra  are  fitted  w  ith  Gaussian- 
Lorentzian  cun  es  using  the  reference  parameters.  The  c.xpcrimenlal  pholoclectron  yield  ratios  were  obtained  from 
the  measured  intensities  (peak  area  in  counts  cV  s  ' )  for  the  pure  metals  (ion-etched)  and  the  oxides  prepared  in  the 
preparation  chamber  of  the  XPS  spectrometer.  The  v  alues  of  the  attenuation  lengths  of  the  electrons  in  the  metals 
and  in  the  oxides  were  calculated  with  the  Scah  and  Dench  formula  (8). 

The  moly  bdenum  chemistry  is  very  complex  and  sex  eral  studies  have  been  performed  by  XPS  to  identify  the  various 
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oxides  which  could  be  found  in  passi\e  films  (7.9-1 1 ).  In  ihis  work,  we  have  synthesized  and  characterized  MoO, 
and  MoOj  and  studied  the  influence  of  sputtering  on  the  oxidation  state  of  the  molybdenum  oxides.  A  pure 
molybdenum  single  cry  stal  ((111)  face)  w  as  mounted  on  a  heatable  sample  holder  and  cleaned  by  ion  sputtering  prior 
to  oxidation.  MoO,  was  prepared  using  the  follow  ing  oxidation  conditions.  p(O,)=10^  mbar.  T=600°  C,  t=60  min. 
MoOj  was  prepared  on  the  single  cry  stal  surface  under  the  following  conditions;  p(0,)=l  bar,  7=600°  C,  t=5  min. 
The  spectra  arc  shown  in  Figure  2.  The  spectra  of  Figure  2b  were  analysed  with  two  doublets  assigned  to  the  species 
Mo^*  (ox)  and  Mo'  (hy  d)  (o.\=o.\idc  and  hyd= hydroxide),  according  to  the  corresponding  O Is  signals  (O*'  aixl  OH ).  It 
is  well  know  n  that  ion  bombardment  lias  a  reducing  effect  on  oxides  (12).  Ion  sputtering  of  the  oxides  prepared  in  this 
work  (MoOj  and  MoOj )  confirmed  that  the  composition  of  the  sputtered  oxides  is  markedly  modified.  It  is  thus 
necessary  to  take  such  effects  into  consideration  when  studying  Mo-containing  passive  films.  The  Mo  3d  spectra  of 
the  passivated  ion  implanted  alloy  could  all  be  fitted  w  ith  the  above  chemical  states,  thus  other  Mo  oxides  w  hich  have 
been  detected  in  other  works  (Mo^Oj,  Mo^O,)  ( 10)  were  not  considered  here. 

The  quantification  procedure  used  in  this  work  is  summarized  in  Figure  3.  From  angle-resolved  analyses 
coupled  w  ith  depth  profiling  it  is  possible  to  concch  e  a  qualitative  model  of  the  analy  sed  film.  From  this  model  the 
equations  relating  :hc  unknown  concentrations  and  thicknesses  and  the  theoretical  XPS  intensity  ratios  can  be 
expressed.  It  is  then  possible  to  search  for  the  set  of  values  w  hich  gi\  e  the  best  agreement  between  theoretical  and 
measured  XPS  intensities.  These  calculations  have  been  computerized.  For  each  analysed  film,  it  is  thus  possible 
to  propose  a  model  and  calculate  the  corresponding  concentrations  of  the  detected  compounds  and  the  thicknesses 
of  the  layers  constituting  the  model,  as  well  as  the  enrichment  of  alloy  ing  elements  under  the  passive  film. 

Results 


Characterization  of  the  implanted  alloy. 

XPS  and  RBS  spectroscopies  were  used  to  characterize  the  alloy  after  Mo  implantation.  The  XPS  sputtering  depth 
profile  is  shown  in  Figure  4.  The  moly  bdenum  concentration  was  calculated  using  the  equation  [1],  based  on  the 
hypothesis  that  sclecti\  e  sputtering  can  be  neglected: 
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w  here  is  the  molybdenum  concentration  (at.%).  is  the  attenuation  length  of  the  electrons  emitted  by  the 
element  M  in  the  alloy,  is  the  experimental  electronic  yield  of  the  element  M  and  I^,  is  the  XPS  intensity  of  the 
element  M  (peak  area  in  counts  eV  s  '  after  background  subtraction  using  a  non-linear  Shirley  method). 

The  molybdenum  concentration  at  the  beginning  of  the  profile  is  ~  4  at%  Mo.  This  is  due  to  the  simultaneous 
sputtering  occuring  during  the  implantation  of  Mo.  Then  the  concentration  increases  up  to  9-10  at%.  Comparing 
the  position  of  the  maxi  mum  in  the  profile  w  ith  the  RBS  results  enabled  us  to  convert  the  sputtering  time  into  a  depth 
scale.  In  a  previous  w  ork  (6)  the  concentration  at  the  maximum  of  the  profile  was  derived  from  the  RBS  analy  sis, 
using  TRIM  89  and  RUMP  programs.  A  value  of  6-7  at%  was  obtained  and  the  depth  corresponding  to  the  maximum 
in  the  implantation  profile  was  found  to  be  210  A  below  the  surface.  A  more  accurate  RLMP  simulation  performed 
in  the  present  w  ork  show  ed  that  the  concentration  at  the  maximum  of  the  profile  is  ~  8  at%  and  the  maximum  is 
at  ~  1 50  A  below  the  surface.  The  comparison  of  the  XPS  and  RBS  data  revealed  a  small  difference.  The  XPS  profile 
is  asymmetric  and  exhibits  a  tail  at  increasing  depth.This  may  be  due  to  a  small  enrichment  of  Mo  during  ion 
sputtering  due  to  the  different  sputter  yields  of  Mo  w  ith  respect  to  Fe.  Cr  and  Ni.  The  Mo  concentration  finally  slow  ly 
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approaches  the  Mo  concentration  of  the  non-implanted  alloy.  The  Mo  concentration  is  significantly  higher  than  the 
Mo  concentration  of  the  non-implanted  allo>  w  ithin  a  d^th  of  ~  600-700  A.  A  y  — » a  phase  transformation  induced 
b>  the  implantation  of  molybdenum  has  been  obser\  cd  by  TEM  ( 1 3)  on  samples  prepared  under  identical  conditions. 
Knowing  the  implantation  profiles,  samples  with  well-defined  surface  concentrations  of  molytxlcnum  were 
prepared,  prior  to  the  electrochemical  measurements.  b>’  argon  ion-etching  the  implanted  alloy  for  a  fixed  time,  and 
the  surface  was  analysed  to  determine  the  molybdenum  concentration  at  the  surface. 

Electrochemical  behaviour. 

Potentioihnamic  ex/xmienixPotentioc^  namic  curv  es  have  been  recorded  for  the  non-imi^anted  304  stainless  sted  and 
for  the  implanted  alloys  with  different  initial  surface  concentrations  of  mol>bdenum(  from  3  to  9.S  at  %). 

After  transfer  of  the  sample  from  the  spectrometer  to  the  electrochemical  glove  bo.x.  the  corrosion  potential  was 
checked  during  1  min.  before  the  beginning  of  the  e.\pcrimenLTheelectrodiemicalpolentialscans(lmV/s)  were  carried 

out  from  -140  to  +1260  mV/SHE.  The  i-E  plots  arc  reported  in  Figure  5  and  the  main  electrochemical  data  are 
summarized  in  Table  3.  It  is  observed  in  Figure  5a  that  the  corrosion  potential  is  shifted  towards  higher  potentials 
when  molybdenum  is  present  on  the  initial  surface.  The  activation  peak  disappears  for  the  Mo-implanted  alloy. 
Similar  effects  have  already  been  observed  for  molybdenum-containing  Fe-Cr-Ni  alloys  ( 1-6).  In  the  100-500  mV/ 
SHE  potential  region,  an  o.vidation  or  dissolution  process  occurs  for  the  Mo-containing  stainless  steel.  The  e.xlent 
of  this  feature  depends  on  the  initial  surface  concentration  of  molybdenum  as  shown  by  Figure  5b.  The  high  potential 
region  of  passivity  is  similar  for  both  the  non-implanted  and  the  implanted  alloys  with  how  ever  a  slightly  higher 
residua)  current  density  for  the  implanted  alloys.  These  results  indicate  that  the  implantation  of  Mo  has  no  beneficial 
effect  on  the  protectiv  e  character  of  the  passive  film  in  0.5  M  H,SO^. 

Surface  Analysis  Results. 

For  the  study  of  the  passiv  e  films.the  potential  was  stepped  to  +740  mV/SHE  (which  is  in  the  passive  region  for  all 
analysed  samples)and  the  samples  were  polarized  for  60  min.  Surface  analy  ses  were  also  performedafter  polarization 
at  activ  e  potentials  which  were  in  the  range  -80  to  -30mV/SHE  depending  on  the  i-E  curve  of  the  particular  alloy. 
For  the  XPS  analy  sis,  the  sample  was  removed  from  the  cell  under  potential,  rinsed  in  ultra-pure  water,  dried  in 
nitrogen  and  transferred  to  the  spectrometer  without  exposure  to  ambient  air. 

Influence  of  the  implantation  of  molybdenum  on  the  composition  of  the  passive  film  formed  on  the  304  stainless 
steel.The  XPS  spectra  obtained  for  the  passivated  non-implanted  alloy  and  for  the  implanted  alloys  are  shown  in 
Figures  6  and  7.  respectively .  Similar  chemical  species  are  found  in  the  films  on  both  the  non-implanted  and  the 
implanted  alloy  s.  Oxidized  iron  is  found  in  the  passive  film  though  in  smaller  quantities  than  chromium  oxide.  No 
significant  signal  fipom  nidvd  oxide  is  found  after  passivation,  in  agreement  with  other  woiks  (l-3.5,6) ;  the  weak  Ni’"  signal 
observed  in  the  Ni  2p  ,,j  region  is  emitted  by  Ni  in  the  alloy  The  Cr  2p„j  region  indicates  a  marked  enrichment  of 
this  element  in  the  passive  films  for  the  implanted  as  well  as  for  the  non-implanted  alloys.  As  regards  the  chemical 
states,  oxidized  chromium  is  found  to  be  mainly  in  the  +3  oxidation  state.  The  chromium  signal  was  resolved  into 
chromium  oxide  Cr'*'"’”  (Cr^O,  type,  binding  energy;  576.6  eV)  and  chromium  hydroxide  Cr'*'’^’*’ (Cr(OH),  type, 
binding  energy ;  577.2  eV).  The  comparison  of  the  XPS  spectra  of  Cr  2p  for  the  non-implanted  allt^  and  the  Mo- 
implanted  alloy  reveals  that  the  rclativ  c  amount  of  Cr  hy  droxides  with  respect  to  Cr  oxides  is  higher  for  the  Mo- 
implantcd  alloy.  Oxidized  molybdenum  is  detected  in  the  analy  sed  passive  film  for  the  Mo-implanted  alloys.The 
molybdenum  signal  hasbecn  resoKed  (Figure  7b)  into  the  metallic  form  (Mo-implanted  in  theaUos)and  three  oxidcsiales : 

(MoO,  ^pe).  Mo^'’’^'*'  ( MoO(C)H),  type )  and  Mo'^""’  (MoO,  bpe).  The  curv  e  fitting  of  the  molybdenum  spectrum  shows 
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that  molybdenum  is  mainly  present  in  the  passive  film  in  the  form  of  Mo‘’'“'.  A  small  amount  is  also 

detected.  The  o.vv'gen  signal  clearly  rev  eals  the  presence  of  the  o.vide  ((y )  and  hydro.\ide  (OH )  forms.  A  third  peak 
is  present  at  higher  binding  energ>.  corresponding  to  o.\>gen  in  H,0  and  SOj" . 

The  angle-dependent  XPS  (AD-XPS)  e.xperimcnts.  which  constitute  a  non-destructiv  e  method,  provide  reliable 
information  on  the  in-depth  localization  ofchemical  species  and  allow  us  to  \  alidateor  im  alidatea  multilayer  model . 
The  AD-XPS  measurements  arc  shown  in  Figure  7  for  the  implanted  alloy.  The  Cr'*''‘!'‘*VCr’"'‘“'  ratio  is  enhanced 
in  the  angular  analysis  at  the  low  take-off  angle  (45°).  This  reveals  the  layered  structure  of  the  passive  film  ;  the 
chromium  hydroxide  is  found  to  be  in  the  outer  part  of  the  passive  film  (enhanced  signal  at  45°)  w  hereas  chromium 
oxide  is  in  the  inner  part. The  O  Is  signal  which  has  a  OH'  component  partly  related  to  Cr'’**!''*'  show's  the  same 
tendency.  Sputtering  depth  profiles  have  been  recorded  and  are  shown  in  Figure  8  for  the  non-implanted  alloy  and 
for  the  implanted  alloy  with  an  initial  surface  concentration  of  8  at .%  Mo.  Chromium  hydroxide  appears  to  be  located 
in  the  outer  part  of  the  passive  film,  which  confirms  the  findings  of  the  AD-XPS  measurements.  The  increasing 
signals  of  the  o.xide  states  of  iron  and  chromium  oxides  with  sputtering  indicate  that  the  inner  layer  is  composed  of 
o.xides  of  these  elements,  w  ith  an  enrichment  of  chromium  oxide  near  the  film/alloy  interface.  The  sharp  decrease 
of  the  Mo‘*  signal  observed  after  the  first  ion  sputtering  indicates  that  Mo'"'  is  located  in  the  outer  part  of  the  passive 
film.  The  total  signal  from  oxidized  molybdenum  (Mo*’  in  Figure  8)  decreases  rapidly  during  ion  sputtering  which 
also  supports  the  preceding  conclusion,  evenifsome  reduction  of  Mo*"  may  be  caused  by  sputtering.  [>epth  profiling 
measurements  thus  confirm  the  bilayer  structure  of  the  passive  film,  and  they  show  that  Mo**  is  in  the  outer  part  of 
the  film  on  the  passivated  implanted  alloy. 

In  conclusion  of  this  part,  the  bilayer  structure  of  the  film  and  the  chromium  enrichment  are  observed  on  both  the 
non-implanted  and  the  implanted  alloys.  However,  the  ratio  of  Cr'*‘’'^*VCr^*'‘'*’  is  enhanced  on  the  implanted  allm . 
molybdenum  is  detected  in  the  passive  film  of  the  implanted  alloy  in  the  form  of  Mo**  and  is  essentially  localized 
in  the  outer  part  of  the  film. 

Comparison  of  the  surface  films  formed  on  the  molybdenum  implanted  304  stainless  steel  in  the  active  and  the 
passive  states.  XPS  spectra  obtained  after  polarization  ofthemolvbdenum-implantedallpv  in  the  active  region  (-.lOmV/ 
SHE)  for  an  initial  concentration  of ~  7  at%  Mo  are  shown  in  Fig.9.  As  described  above,  no  passiv  ation  peak  was  observ  ed 
for  the  implanted  alloys.  We  thus  define  here  the  active  domain  as  the  potential  region  situated  just  above  the 
corrosion  potential  (-60  mV/SHE).  and  below  the  potential  region  in  which  an  oxidation  process  is  observed  for 
the  implanted  allovs  ( 100-500  mV/SHE).  The  detected  chemical  states  of  chromium  are  similar  to  those  detected 
after  passivation:  the  Cr2p  signal  shows  that  Cr’ and  Cr'"’-*’  are  the  main  components.  The  presence  of  Cr'*'"*' 
may  be  due  to  oxidation  of  the  samples  during  transfer,  but  also  to  the  fact  that  chromium  is  passive  at  such  potentials. 
The  Ni  2p  signal  shows  traces  of  Ni  hydroxide,  w  hich  were  not  observ  ed  in  the  passive  state.  The  major  difference 
between  the  surface  composition  in  the  active  state  and  in  the  passive  state  is  observ  ed  in  the  Mo  signal  reported  in 
Fig.9b.  which  reveals  that  in  the  active  state  the  molybdenum  is  essentially  in  the  form  of  Mo’’'"'.  Angle-dependent 
XPS  analyses  have  been  carried  out  to  obtain  further  information  on  the  in-depth  distribution  of  the  different  species. 
The  angle-dependent  analyses  for  the  Cr  2p.3/2.  Mo  3d5/2,3/2  and  O  Is  are  also  shown  in  Fig.9.  As  expected,  the 
signals  of  the  oxidized  elements  are  enhanced  with  respect  to  those  of  the  metals  at  low  take-off  angle.  In  sharp 
contrast  with  what  was  observed  for  the  passive  films,  the  Cr'  ‘’•^'’’/Cr''"’''  ratio  docs  not  vary  in  the  same  way.  This 
result  is  confirmed  by  the  O’  and  OH'  contributions  in  the  O  Is  signal  which  are  not  affected  by  the  take-off  angle. 
This  clearly  proves  that  there  is  no  bilayer  structure  at  this  potential.  The  surface  film  is  a  single  layer  containing 
the  various  species. 
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Models  of (he  surface films  and  quantitati  ve  surface  analysis.  On  the  basis  of  the  results  repotted  above,  the  proposed 
models  for  the  analysed  films  are  shon  n  in  Figure  1 0 .  The  method  for  determining  the  thicknesses  and  concentrations 
has  been  reported  pret'iously  (6). 

On  both  the  non-implanted  and  implanledalloys  (Figures  lOaand  10b.  respectively)  the  passive  films  have  a  bilayer 
structure  with  an  outer  hydro.vide  layer  and  an  inner  ovadc  layer.  In  both  cases,  the  o.vide  layer  is  enriched  in 
chromium  o.\ide  near  the  metal-film  interface.  On  the  implanted  alloy,  it  is  noticed  that  the  outer  chromium 
hydro.\ide  layer  is  thicker  than  on  the  non-implanted  alloy.  Molybdenum  is  localized  in  the  outer  part  of  the 
hy  droxide  layer.  The  amount  of  Mo  cations  in  the  hy  droxide  layer  is  high  (43%),  but  with  req)ect  to  the  entire  passive 
film  it  is  only  7%. 

The  alloy  is  enriched,  underneath  the  passive  film,  in  the  alloyed  and  implanted  elements  Cr.  Ni  and  Mo.  This 
phenomenon  is  associated  with  the  preferential  dissolution  of  Fe. 

The  model  proposed  for  the  films  formed  in  the  active  region  on  the  imi^nted  alloy  is  show  n  in  Figure  10c.  On  the  basis 
of  the  angle-resolved  XPS  the  existence  of  a  bilay  cr  structure  can  be  ruled  out.  The  surface  film  formed  at  this  potential 
is  constituted  of  a  single  layer  w  ith  different  species :  chromium  oxide  and  hydroxide  are  found,  as  well  as  iron  and 
molybdenum  oxides.  This  surface  film  is  thinner  than  the  passive  film  formed  at  higher  potential .  The  oxidation  state 
of  the  moly  bdenum  cations  on  the  surface  is  essentially  +4.  The  moly  bdenum  cations  are  found  in  larger  quantity 
than  in  the  passiv  e  film  and  arc  distributed  in  the  entire  film.  It  is  to  be  noted  that  the  Fe  concentration  calculated 
for  the  modified  layers  of  the  alloy  under  the  film  formed  in  the  active  potential  region  is  higher  than  after  passivation. 
This  shows  that  further  selectiv  e  dissolution  of  iron  takes  place  during  the  formation  of  the  passive  film. 

Discussion 

Ion  implantation  can  be  used  to  prepare  materials  on  which  the  effects  on  passivation  and  resistance  to  corrosion 
of  elements  such  as  moly  bdenum  (6.14)  or  nitrogen  (15)  can  be  investigated. 

The  electrochemical  study  of  the  a  Hoys  w  ith  implanted  molybdenum  show  s  that  the  presence  of  Mo  in  the  alloy  lowers 
the  dissolution  rate  in  the  active  region. 

In  the  activ  e  domain,  the  angle-dependent  analyses  (as  well  as  the  ion  sputtering  depth  profiles)  show  that  the  surtiKe 
film  has  not  a  layered  structure  but  consistsof  different  oxidized  species,  mixed  in  a  single  layer.  The  surface  analyses 
performed  after  polarization  in  the  active  region  rev  ealed  the  presence  of  Fe^‘  ’’  and  Cr*" .  On  the  surface  of  the  Mo- 
implanted  alloy,  molybdenum  is  found  to  be  in  the  +4  oxidation  state.  Mo^"^'®’.  which  may  be  produced  by  the 
follow  ing  reaction  ;  Mo  +  2  H,0  -»  MoO,  +  4  H '  +  4  c.  The  Mo^*^***  XPS  signal  recorded  for  the  film  formed  in 
the  aaive  region  may  be  due  to  the  hy  dro.xy  lation  of  MoO,. 

In  the  passive  state,  the  films  formed  on  all  samples  have  a  bilayer  structure,  with  an  outer  layer  of  hydro.\ide  and 
an  inner  layer  of  oxide.  The  passivation  process  of  these  alltw's  is  characterized  by  a  single  layer-to-bilayer  transition. 
The  passiv  e  film  is  enriched  in  oxidized  chromium.  The  v  alencc  states  observed  for  chromium  are  C r’^'^'and  Cr’**'*. 
The  Cr’  '''''*'/Cr'"“'  ratio  is  enhanced  on  Mo-implantcd  samples  with  respect  to  the  passive  films  formed  on  the  non- 
implanted  .3(U  stainless  steel.  This  finding  does  not  support  the  view  that  molybdenum  would  favor  the  formation 
of  chromium  oxide  (3).  Chromium  is  not  found  in  the  +6  oxidation  state.  Chromium  has  been  found  in  the  +6 
oxidation  state  when  an  iron-chromium  alloy  was  polarized  in  the  transpassiv  e  region  ( 16).  Our  analysis  of  the  XPS 
spectra  is  based  on  reference  spectra  and  reference  data  obtained  on  sy  nthesized  compounds.  Based  on  that  work  the 
resolution  of  the  Cr  2p , ,  region  docs  not  show  the  presence  of  Cr*'"”.  w  hich  is  consistent  with  the  fact  that  the  samples 
have  not  been  polarized  in  the  transpassiv  c  region.  In  the  passive  film,  the  implanted  Mo  is  found  in  the  o.xidation 
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slate.  This  supports  the  view  that  the  o.\idation  process  found  in  the  (100,500J  mV/SHE  is  associated  with  the 
transition  Mo^* ->  Mo**. 

The  binding  energies  of  the  XPS  signals  of  Mo'**'*"  in  MoO^-'  and  in  MoO^are  very  close.  As  proposed  in  other 
papers  (3).  the  following  reaction  may  produce  MoO,= :  MoO  (OH),  +  4  (M  ^  MoO/  +  3  Hp  +  2  e  The  tow  pH  (0  3) 
of  the  solution  is  expected  to  favour  the  condensation  of  MoO/‘  anions  into  polyanions  such  as  Mo,Oj^ .  Such  big 
molecules  are  not  likely  to  be  incorporated  in  the  passive  film  and.  if  they  exist,  would  rather  be  on  the  surface  of 
the  passive  film.  However,  the  O  Is  XPS  signal  should  then  display  a  spectrum  with  a  much  higher  O-'  peak,  which 
is  not  observed.  As  regards  MoOj  it  is  difficult  to  conceive  that  it  could  be  mi.xed  with  the  hydroxide  layer.  We  propose 
that  Mo‘*  cations  are  incorporated  in  the  chromium  hydroxide  top  layer,  and  that  they  enhance  the  hydro.xy  lation 
of  the  surface,  as  shown  schematically  in  Fig.  1 1.  It  is  to  be  noted  that  our  results  show  that  the  presence  of  Mo** 
in  the  passive  film  has  no  beneficial  effect  in  sulphuric  acid. 

The  observed  enrichment  under  the  passive  film  of  the  alloyed  (Cr,  Ni)  and  implanted  (Mo)  elements  is  caused 
by  the  preferential  dissolution  of  Fe.  This  phenomenon  has  already  been  observed  for  Mo-containing  austenitic 
stainless  steels  (2).  The  composition  of  the  metallic  side  of  the  passive  film/alloy  interface  is  important  for  the 
repassivation  behaviour  of  the  alloy,  a  crucial  aspect  in  resistance  to  pitting. 

A  new  finding  of  this  work  is  the  accumulation  of  molybdenum  in  the  +4  valence  state  on  the  alloy  surface  during 
the  pre-passivation  stage  and  the  Mo^  — »  Mo**  transition  taking  place  during  passivation.  A  fraction  of  the  Mo** 
formed  during  this  reaction  remains  in  the  passive  film  and  part  of  it  is  dissolved. 

There  are  direct  implications  of  the  above  resultson  the  effectsof  molybdenum  on  resistance  to  pitting  in  chloride  solutions. 
The  incorporation  of  Mo**  ions  in  the  outer  hydroxide  could  modify  the  initial  stage  of  the  interactions  between  Cf 
ions  and  the  passive  film.  One  effect  (with  beneficial  consequences  on  pit  initiation)  could  be  the  trapping  of  Cl"  ions 
caused  by  the  presence  of  strongly  charged  cations.  No  Mo*’  ions  are  found  in  the  inner  oxide,  so  that  the  implanted 
molybdenum  probably  has  no  effect  on  the  properties  of  the  o.xidc  layer  itself  Molybdenum  is  enriched  under  the 
passive  film,  which  will  diminish  the  dissolution  rate  in  the  case  of  passive  film  breakdown.  It  is  also  suggested  that 
the  obsen  ed  accumulation  of  Mo^*  prior  to  passivation  and  the  existence  of  a  Mo"  ->  Mo**  transition  leading  to 
partial  release  of  Mo**  during  passivation  may  have  a  significant  effect  on  the  repassiv  ation  kinetics  of  the  Mo- 
implanted  material  in  the  presence  of  Cl'.  These  ideas  are  now  being  tested  by  inv  estigating  by  electrochemistry  and 
XPS  the  behaviour  of  the  Mo-implanted  alloy  in  Cl  -  containing  solution. 

Conclusions 

Molybdenum-implanted  austenitic  stainless  steels  have  been  studied  by  electrochemistry  and  XPS.  Prior  to 
the  electrochemical  experiments,  the  implantation  profile  has  been  characterized  by  RBS  and  XPS  and  surfaces  with 
well-defined  Mo  concentrations  hav  e  been  prepared  by  ion  sputtering  the  implanted  alloy  in  the  preparation  chamber 
of  the  spectrometer.  The  effects  of  the  implanted  molybdenum  on  the  electrochemical  behav  iour  of  the  alloy  in  0.5M 
H,SOj  have  been  investigated.  The  surface  films  hav  c  been  analy  sed  by  angle-dependent  XPS  and  by  sputter  depth 
profiling.  The  major  conclusions  arc  the  following; 

(i)  The  implanted  moly  bdenum  strongly  modifies  the  electrochemical  behaviour  of  the  alloy .  The  dissolution  rate 
is  lowered  by  the  implanted  moly  bdenum:  the  activ  e  peak  observ  ed  on  the  non  implanted  alloy  is  suppressed:  a  new 
anodic  feature  appears  in  the  |1()0.5(K)|  mV/SHE  potential  region.  The  residua!  current  density  is  slightly  higher 
than  for  the  non-implanted  alloy .  show  ing  that  the  implanted  Mo  has  no  beneficial  efLect  on  passivity  in  chloride- 
free  acid  solution. 

ii )  At  low  anodic  potential,  molybde  num  is  found  to  be  enriched  on  the  surface  in  the  +4  valeiKe  state.  The  passivation 
process  of  the  implanted  alloy  is  characteri/d  by  a  Mo"  to  Mo"  transition,  with  both  Mo**  partial  dissolution  and 
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incorporation  in  the  film,  accompanied  b>'  further  selective  dissolution  of  iron. 

(iii)  The  passive  film  has  a  bilayer  structure  and  the  outer  hydroxide  layer  is  enhanced  on  the  implanted  alloj'. 

(i\ )  A  marked  enrichment  of  the  allo>’ed  (Cr.  Ni)  and  implanted  (Mo)  elements  is  observed  in  the  alloy  near  the  alloy/ 
passive  film  interface,  due  to  the  preferential  dissolution  of  Fe. 
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Table  1  :  Chemical  anah  sis  of  ihc  austenitic  stainless  steel  before  implantation. 


Element 

Fc 

Cr 

Ni 

Mn 

Si 

Cu 

Mo 

C 

N 

P 

S 

Concentration 

(wi.%) 

72.01 

B 

8.28 

1.43 

0.49 

0.15 

0.14 

0.05 

0.04 

0.03 

0.0025 

Table  2  :  Ion  implantation  conditions 


Implanted  ion 

Dose 

Energy 

Residual 

pressure 

Temperature 

Mo- 

100  keV 

10- 

Ton 

Room  temp. 

Table  3  :  Electrochemical  data  for  the  different  studied  materials 


Sample 

Corrosion  potential 
(mV/SHE) 

Passivation  potential 
(mV/SHE)* 

Current  density 
max  (pA/cm-) 

** 

Residual  current 
density  (pA/cm-) 

304  SS 

-  110 

0 

1  9 

4 

Mo-impl.(3at%Mo) 

-  60 

- 

- 

7 

Mo-impl.(7at%Mo) 

-  60 

- 

- 

8 

Mo-impl.(9.5ai%Mo) 

-  60 

- 

- 

7 

*  ;  potential  measured  at  the  maximum  of  the  activation  peak.  ;  current  density  measured  at  the  ma.\imum  of 

the  activation  peak.  ***  :  minimum  measured  current  density  in  the  passive  state. 
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stainless  steels. 


OU 


Figure  2  -  Reference  XPS  spectra  for  mohlxlenuni  and  molybdenum  oxides  (a)  pure  molybdenum  (ion-etched)  (b) 
MoO,  and  (c)  MoO,. 


Figure  3  -  Procedure  for  quantitative  XPS  analysis  of  passive  films. 
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Figure  4  -  XPS  depth  profile  of  molybdenum  in  the  implanted  austenitic  stainless  steel. 
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Figure  5  -  Potentiodynamic  cur\'es ;  a)  comparison  between  the  non-implanted  alloy  and  the  Mo-implanted  alloy  and 
b)  influence  of  increasing  Mo  concentration  for  the  Mo-implanted  alloys  (0.5  M  H^SO^,  ImV  sec  ') 
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Figure  6  -  XPS  qiectra  of  Fe  2p,^.  Cr  2pj^,  Ni  2pj^,j.  [Mo3d.  S  2s]  and  01s  after  passivation  of  the  non-implanted 
alloy  (0.5  M  H,SO^,  740  mV/SHE,  60  min). 
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Binding  energy  (eV) 


Figure  7  -  Angle-dependent  XPS  spectra  of  a)  Fe  2p,^.  Cr  2p„.  Ni  2p„  and  O I  s  and  b)  Mo  3d,  after  passivation  of 
the  Mo-implanted  allov.  Take-off  angles:4S*’  and  90**. 


Inteasiiy  (kC  «V  wc  *') 


toicfuiry  (kC  eV  s«c 


a  b 

Figure  8  -  XPS  depth  profiles  of  a)  the  non-implantcd  alloy  and  b)  the  implanted  alloy  (with  8  at^oMo)  after 
passivation. 
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Figure  10  -  Models  of  the  surface  films  u  ith  (lie  calculated  compositions  and  thicknesses  for  a)  the  passivated  non- 
implantcd  alloy,  b)  the  passivated  implanted  alloy  and  c)  the  implanted  alloy  poiari/cd  in  the  acti\c  region. 
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Figure  1 1  -  Schematic  view  of  the  incorporation  of  the  Mo^  in  the  outer  layer  of  the  passive  film  formed  on  the 
molybdenum  implanted  stainless  steels. 
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Abstract 

The  influence  of  ternary  alloying  elements  on  the  composition  of  passive  films  and  on 
the  pitting  corrosion  resistance  of  iron-chromium  alloys  was  investigated  with  model 
alloys  of  the  type  Fe-25Cr-X  (X  =  6  at%  of  Mo,  V,  Si).  Passive  films  formed  in  sulfote 
solution  in  the  presence  or  absence  of  chloride  were  characterized  by  XPS  and  AES. 

All  ternary  alloying  elements  increased  the  pitting  potential  compared  with  the 
corresponding  binary  alloy.  Films  formed  in  chloride  containing  sulfate  solution 
contained  both  electrolyte  anions.  On  the  other  hand,  if  films  were  first  formed  in  sulfate 
then  exposed  to  chloride  the  iatter  ion  was  not  found  in  the  passive  films,  independently 
of  the  ternary  alloying  element  present. 


Introduction 

It  is  well  known  that  certain  alloying  elements  added  to  iron-chromium  or  iron- 
chromium-nickel  alloys  improve  their  resistance  to  pitting  corrosion  [1-17].  Molybdenum 
is  the  best  known  such  alloying  element  but  tungsten,  silicon  and  vanadium  have  also 
been  reported  to  have  a  beneficial  effect  [1,3,5,7,10,17].  In  principle,  the  ternary 
alloying  elements  can  influence  the  pitting  behaviOT  in  different  ways:  by  stabilizing  the 
passive  film  towards  breakdown,  by  favming  repassivation  of  formed  pit  nuclei,  by 
slowing  pit  growth  or  by  neutralizing  the  deleterious  effect  of  non  metalUc  impurities, 
notably  sulfur.  The  present  paper  deals  with  the  influence  of  ternary  aUoying  elements  on 
the  composition  and  the  stability  of  passive  films. 

Surface  analysis  methods,  in  particular  XPS  and  AES  have  been  used  for  a  number  of 
years  for  the  study  of  passive  films  on  metals  and  alloys.  It  has  been  found  that 
molybdenum  is  incorporated  into  the  passive  film  of  fenitic  and  austenitic  stainless  steels 
[7,8,10].  The  extent  of  molybdenum  incOTporation  in  Fe-Cr  alloys  depends  on  the 
chromium  content  and  on  applied  potential  [8].  In  order  to  compare  the  behaviOT  of 
different  ternary  elements  it  is  therefore  impor^t  to  teep  these  two  parameters  constant 
In  addition,  because  the  sensitivity  of  XPS  and  AES  for  Aese  elements  is  relatively  low  it 
is  advisable  to  use  alloys  of  high  ternary  alloying  element  content  In  the  present  study 
results  are  presented  which  were  obtained  with  high  purity  ferritic  model  alloys  of  tlw 
type  Fe-2SCr-X  where  X  is  Mo,  V,  Si,  Nb  added  in  a  quantity  of  6  at%.  The  cation  ratio 
and  the  anion  concentration  were  determined  at  different  emission  angles  for  passive 
films  formed  in  the  presence  and  absence  of  chloride. 


Experimental 

The  chemical  composition  of  the  alloys  is  given  in  Table  1.  They  were  furnished  by 
Materials  Research,  Toulouse,  France  in  the  form  of  30  mm  long  rods  of  40  mm 
diameter.  They  were  used  in  the  as  received  condition  without  further  heat  treatment. 
Metallographic  analysis  revealed  that  the  alloys  containing  Mo,  V,  or  Si,  respectively. 
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were  single  phase,  and  had  an  equiaxed  grain  structure.  The  Fe-Cr-Nb  alloy,  on  the  other 
hand,  had  a  dendritic  two-phase  structure.  Its  behavior  has  been  discussed  elsewhere  in 
detail  [18]. 


Table  1:  Composition  of  Fe-25Cr-X  alloys 


Fe 

%w 

Cr 

%w 

X 

%w 

mm 

Tt - 

%at 

- 

%at 

in 

- 

75.5 

- 

Fe-25&-6V 

69.2 

24.8 

6.0 

67.6 

6.4 

Fe-25Cr-llNb 

63.9 

24.5 

11.5 

65.8 

7.1 

Fe-25Cr-llMo 

63.9 

25.1 

11.0 

65.7 

n.i 

6.6 

Fe-25Cr-3Si 

72.0 

25.11 

2.8 

68.8 

25.8 

5.4 

Fe-31G 

71.4 

28.6 

- 

69.9 

30.1 

- 

Electrochemical  experiments  were  performed  at  2S^C  in  deaerated  solutions  using  a 
rotating  disk  electrode  at  a  constant  rotation  rate  of  3000  rpm.  A  platinum  counter 
electrode  and  a  mercury  sulfate  reference  electrode  were  used  together  with  a 
Schlumberger  1286  potentiostat.  For  polarization  measurements  not  involving  surface 
analysis  the  0.1  cm^  disk  electrodes  were  imbedded  in  epoxy.  For  experiments  involving 
surface  analysis  a  meniscus  was  formed  allowing  the  rotating  disk  to  be  used  without 
insulation.  The  disk  electrodes  were  polished  mechanically  with  600  finish  abrasive 
paper. 

Film  formation  was  earned  out  by  anodic  polarization  at  a  constant  potential  of  0.5  V 
(she)  for  60  minutes.  Two  types  of  electrolytes  were  used.  Electrolyte  A  is  a  solution  of 
0.1  M  H2SO4  +  0.4  M  Na2S04.  Electrolyte  B  is  a  sulfate  solution  containing  chloride  of 
the  composition  0.1  M  H2SO4  +  0.4  M  Na2S04  +  0.12  M  NaCl.  In  some  experiments 
nims  were  formed  in  solution  A  for  60  minutes,  then  chloride  was  added  in  such  an 
amount  that  the  composition  corresponded  to  that  of  solution  B,  and  the  samples  were 
exposed  for  an  additional  30  minutes.  This  type  of  procedure  will  be  called  solution  A'*'. 
After  film  formation  or  film  exposure,  respectively,  the  electrodes  were  removed  from  the 
electrolyte  under  the  applied  potential.  They  were  rinsed,  dried  and  then  introduced  into 
the  UHV  system  for  analysis. . 

Surface  analysis  was  performed  with  a  Perkin  Elmer  5500  ESCA  system  including  a 
hemispherical  analyzer  with  Omnifocus  lens  and  a  fast  entry  lock.  An  A1  Ka  X-ray 
source  was  employed  for  XPS.  Analysis  was  carried  out  at  three  emission  angles: 
20±4O,  45±40  and  65±40  with  respect  to  the  surface  normal.  Data  acquisition  and 
evaluation  of  XPS  spectra  were  performed  with  Perkin  Elmer  software  (version  3.0  D) 
and  elemental  area  sensitivity  factors  from  the  Perkin  Elmer  data  base  (Table  2).  The 
background  was  subtracted  using  the  Shirley  method  and  peak  fitting  was  carried  out 
using  asymmetric  Gauss-Lorentz  functions  described  elsewhere  in  detail  [19]. 


A  simple  model  was  used  for  the  interpretation  of  XPS  data.  It  assumes  the  presence  of  a 
surface  contamination  layer  one  to  two  monolayers  thick,  containing  essentially 
hydroxide  species,  water  and  carbon.  The  actual  passive  oxide  film  lies  underneath.  The 
composition  of  the  metallic  substrate  is  uniform  within  the  escape  depth  of  the  analyzed 
photoelectrons,  but  its  composition  may  differ  from  that  of  the  bulk  alloy.  For  the 
calculation  of  the  electron  escape  depth  as  a  function  of  emission  angle  the  mean  free  path 
values  shown  in  table  2,  calculated  after  Seah  and  Dench  [20]  were  employed.  All  XPS 
data  reported  in  this  paper  are  the  average  of  two  independent  experiments. 
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Results 

Polarization  behavior 

Potendodynamic  polarizadon  curves  were  measured  with  different  alloys  in  0. 1  M  HQ  + 
0.9M  NaCl  at  25^.  It  followed  from  these  data  that  the  alloying  elements  Mo,  V  and  Si 
improved  the  pitting  resistance  [21].  Indeed,  the  ternary  alloys  did  not  exhibit  a  pitting 
potential  under  the  conditions  of  the  experiments.  Increasing  the  chromium  content  of  the 
alloys  had  a  similar  effect.  Polarization  experiments  in  2  M  HCl  at  50^  indicated  that 
under  these  conditions  the  Fe-Cr-Mo  alloy  were  most,  the  Fe-3lCr  and  Fe-Qr-V  alloys 
least  resistant  towards  pitting.  In  the  solution  B  employed  for  surface  analysis 
measurements  none  of  the  alloys  exhibited  a  pitting  potentid  during  potentiodynamic 
polarization.  All  films  were  formed  in  the  passive  potential  range  at  a  constant  potential  of 
0.50  V(she).  Under  these  conditions  the  current-time  behavior  on  a  log-log  plot  exhibited 
a  linear  decrease  [19].  No  significant  difference  in  the  current-time  behavior  was 
observed  between  solutions  A  and  B. 

Film  thickness 

The  thickness  of  the  passive  films  fcareed  on  different  alloys  was  estimated  from  AES 
profiles  by  taking  the  50%  value  of  the  oxygen  amplitude.  The  sputter  rate  was  calibrated 
with  Ta205  films  and  multiplied  by  0.8  [22].  Results  shown  in  Fig.l  suggest  that  the 
observed  thickness  is  not  significantly  affected  by  the  alloying  elements  added. 
Differences  in  film  thickness  between  solutions  A  and  B  are  within  the  error  limits. 

Cation  fraction 

Fig.  2  summarizes  the  XPS  results  for  the  cation  fraction  of  Mo,  Si  and  V  in  the  passive 
films  of  the  respective  alloys,  formed  in  the  electrolytes  A  and  B,  respectively.  TTie  data 
were  obtained  at  three  emission  angles  with  respect  to  the  surface  normal  (20®,  45®, 
65®).  The  figure  indicates  that  under  the  conditions  of  the  experiment  all  three  elements 
are  incorporated  into  the  film.  The  V  fraction  corresponds  approximately  to  that  of  the 
alloy  (broken  line),  while  that  of  Mo  and  Si  is  higher.  Tlie  data  are  in  qualitative 
agreement  with  AES  measurements  of  Goetz  et  al  [10].  It  must  be  mentioned,  however, 
that  the  absolute  values  of  the  cation  ratios  depend  on  the  value  of  the  sensitivity  factors 
used,  the  precision  of  which  may  be  limited.  The  observed  variations  of  the  cation  ratio 
with  emission  angle  are  probably  within  the  error  limits  of  such  measurements.  No 
systematic  differences  between  frlms  formed  in  solutions  A  and  B,  respectively,  are 
observed. 

Fig.3  shows  the  relative  chromium  content  of  the  films.  Compared  with  the  alloy  (broken 
lines)  all  films  are  strongly  enriched  in  chromium.  The  highest  chromium  content  is 
observed  for  the  films  formed  on  Fe-31Cr  (Fe-Cr-Cr  in  the  figure),  but  the  difference 
with  respect  to  the  Fe-25Cr  is  small.  The  data  for  binary  alloys  are  in  qualitative 
agreement  with  those  of  Asami  [23],  although  the  absolute  values  are  slightly  lower. 
Compared  with  the  binary  alloys,  films  formed  on  Fe-Cr-Mo  and  on  Fe-Cr-Si  alloys 
contain  rather  less  chromium.  The  beneficial  effect  of  ternary  alloying  elements  fw 
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conosion  resistance,  therefore,  can  not  be  explained  by  a  mechanism  which  postulates 
that  they  stimulate  chromium  segregation  in  the  passive  film.  For  Fe-Cr-Mo  a 
consistently  higher  Cr  signal  is  observ^  at  large  emission  angle,  i.e.  when  the  relative 
contribution  of  the  outer  surface  layers  of  the  film  is  maximum.  On  the  other  hand,  no 
systematic  effect  of  emission  angle  is  observed  fen*  the  other  alloys. 

The  relative  iron  content  of  the  passive  films  determined  by  angle  resolved  XPS  is  shown 
in  Fig.4.  No  attempt  was  made  to  quantitatively  resolve  1^2+  and  Fe^"*"  states.  The  iron 
content  of  the  passive  films  formed  on  Fe-Cr  and  on  Fe-Cr-Mo  is  of  comparable 
magnitude.  On  Fe-Cr-Mo  the  iron  oxide  appears  to  be  located  preferentially  in  the  inner 
part  of  the  films,  while  on  the  other  alloys  no  systematic  trends  are  observed.  Because  the 
shape  of  the  Fe2p3/2,2pi/2  peak  is  relatively  complex  the  peak  fitting  is  subject  to  more 
uncertainty  than  for  other  elements.  The  observed  iron  oxide  contents  of  films  formed  on 
Fe-Cr-Si,  Fe-Cr- V  and  Fe-Cr-Cr  respectively  are  comparable.  This  suggests  that  the 
beneficial  action  of  Mo,  V,  and  Si  for  pitting  is  not  due  a  decreased  iron  content  of  the 
passive  film. 

Incorporation  of  electrolyte  anions 

Both,  AES  profiles  and  XPS  measurements  indicated  that  sulfate  and  chloride  are 
incorporated  in  the  passive  films  during  film  growth.  According  to  the  data  of  Fig.S 
sulfate  is  present  at  a  concentration  of  2-  4  at%.  Generally,  although  not  in  all  cases,  the 
sulfate  signal  is  most  pronounced  at  high  emission  angles,  indicating  that  sulfate  is 
located  mostly  in  the  outer  part  of  the  film.  AES  measurements  reported  elsewhere  [21] 
confirm  this  observation.  They  also  showed  that  the  sulfate  was  indeed  located  in  the  film 
rather  than  at  the  surface.  No  systematic  difference  between  solutions  A  and  B  is 
observed  with  respect  to  sulfate  content  of  the  passive  films.  Chloride  is  found  in  the 
films  formed  in  solution  B  (Fig.6).  The  apparent  chloride  concentration  is  0.8- 1.6  %, 
independent  of  emission  angle.  Because  of  the  low  signal  intensity  the  spectra  for 
chloride  were  quite  noisy  [19].  This  masks  possible  differences  due  to  a  variation  of 
emission  angle.  AES  profiles  indicate  that  chloride  is  located  within  the  outer  part  of  the 
passive  film  [21] . 

Additional  experiments  were  performed  by  first  forming  the  films  in  solution  A  for  60 
minutes,  then  adding  chloride  in  an  amount  that  the  resulting  electrolyte  composition 
corresponded  to  that  of  solution  B.  After  30  minutes  exposure,  the  films  were  removed 
from  the  electrolyte  in  the  usual  manner  and  analyzed  by  XPS.  For  all  alloys  no  chloride 
was  detected  in  the  films  prepared  in  this  manner.  This  confirms  previous  observations 
with  Fe-Cr  [24]  which  indicated  that  chloride  ions  are  incorporated  in  passive  films  only 
during  growth,  but  not  into  films  already  formed. 

Two  phase  alloys 

A  dendritic  Fe-Cr-Nb  alloy  was  investigated  by  scanning  Auger  microscopy  (SAM).  It 
was  found  that  the  dendritic  phase  was  enriched  with  chromium,  while  essentially  all  of 
the  niobium  was  located  in  the  interdendritic  eutectic.  The  passive  film  reflected  the  phase 
composition  underneath,  i.e.  the  film  covering  the  electrode  surface  was  not  of 
homogenous  composition.  In  spite  of  this  fact  the  pitting  resistance  of  the  alloy  was  better 
than  that  of  the  comparable  Fe-Cr  binary  alloy.  TTiis  indicates  that  on  one  hand  niobium 
improved  the  pitting  resistance  of  the  interdendritic  eutectic.  On  the  other  hand,  phase 
segregation  led  to  chromium  enrichment  of  the  dendritic  phase  and  improved  its  pitting 
corrosion  resistance.  The  described  results  have  been  presented  in  detail  elsewhere  [18]. 


Conclusions 

The  present  study  of  passive  films  formed  on  Fe-Cr-X  alloys  leads  to  the  following 
conclusions: 

The  ternary  elements  Mo,  V  and  Si  do  not  affect  the  apparent  thickness  of  passive  films 
formed  in  die  presence  of  sulfate  and  of  chloride. 
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The  ternary  alloy  elements  Mo,  V  and  Si  are  inccxpcM^ted  into  the  passive  film. 

Chloride  ions  are  incorporated  into  films  grown  in  chloride  environments,  but  not  into 
films  ^wn  in  sulfate  and  subsequently  exposed  to  chloride.  The  amount  of  chloride 
found  in  the  films  is  not  significantly  affected  by  the  ternary  alloying  elements  Mo,  V  and 
Si. 

Angle  resolved  XPS  under  present  condititMts  provided  only  limited  information  on  the 
depth  distribution  of  different  film  constituents. 
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Fig.  1  Apparent  film  thickness  detennined  from  AES  depth  premies 


Fig.2  Cation  ratio  X/Fe+Cr+X  determined  by  XPS  at  three  emission  angles:  20°,  45°, 
65®  with  respect  to  surface  normal.  X  =  Mo,  Si,  V.  Passive  films  were  formed  in 
solutions  A  and  B  respectively. 
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Fig.  3  Cation  ratio  Cr/Fe+Cr+X  determined  by  XPS  at  three  emission  angles:  200, 45°, 
65®  with  respect  to  surface  normal.  X  =  Mo,  Si,  V.  Passive  films  were  formed  in 
solutions  A  and  B  respectively. 


Fig.4  Cation  ratio  Fe/Fe+Cr+X  determined  by  XPS  at  three  emission  angles:  20®,  45®, 
65®  with  respect  to  surface  normal.  X  =  Mo,  Si,  V.  Passive  films  were  formed  in 
solutions  A  and  B  respectively. 
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F*-Cr-Mo  F*-Cr-Si  F«-Cr-V  F^Cr-Cr  F*-Cr 


Fig.5  Sulfate  concentration  (at%)  determined  by  XPS  at  three  entission  angles:  2QP, 

45®,  65®  with  respect  to  surface  normal.  Passive  films  were  formed  in  solutions  A  and  B 
respectively. 
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Fig.6  Chloride  concentration  (at%)  determined  by  XPS  at  three  emission  angles:  20®, 
45®,  65®  with  respect  to  surface  normal  on  passive  films  formed  in  solution  B. 
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Abstract 

The  passive  film  on  sputter-deposited  thin  film  Fe  and  Fe'26Cr  dectrodes  has  been  examined  using  in 
sim  X-ray  Absorption  Near  Edge  Spectroscopy  (XANES).  During  the  x-ray  spectroscopic  measurements, 
samples  were  maintained  under  potentiostatic  control  in  pH  8.4  borate  buffer.  The  passive  film  on  both 
Fe  and  Fe-26Cr  is  formed  from  the  metal  widiout  any  detectable  losses  due  to  dissolution.  Cathodic 
reduction  leads  to  a  loss  of  Fe  from  the  film  in  both  cases,  but  substantially  less  Fe  is  lost  in  the  case  of 
Fe-26Cr.  Transpassive  dissolution  of  Cr  from  Fe-26Cr  only  occurred  on  the  second  potential  cycle  after 
the  film  had  been  enriched  in  Cr  due  to  the  reductive  dissolution  of  Fe.  Simultaneous  collection  of  both 
the  Fe  and  Cr  x-ray  absorption  edges  provides  quantitative  information  on  the  relative  amounts  of 
material  lost  during  passivation  and  reduction. 

Introduction 

The  chemistry  of  |,assive  films  formed  on  pure  metals  and  alloys  in  aqueous  dectrolytes  is  the  subject 
of  much  experimental  investigation.  Surface  analytical  work  has  been  carried  out  using  e.g.  Auger,  X- 
ray  Photoelectron  Spectroscopy  (XPS)  and  Secondary  Ion  Mass  Spectroscopy  (SIMS),  leading  to  a  greato* 
understanding  of  the  composition  of  passive  films.  However,  these  measurements  must  be  made  ex  sim 
in  UHV  and  it  has  been  demonstrated*  that  the  passive  film  on  Fe-Cr  alloys  is  not  stable  when  removed 
from  an  aqueous  environment  for  ex  sim  examination.  Hius,  an  in  sim  technique  is  to  be  preferred, 
particularly  if  it  can  yield  detailed  information  about  the  composition  and  valence  states  of  elements  in 
the  film.  Tliese  requirements  are  met  by  in  sim  X-ray  Absorption  Spectroscopy^"*.  In  the  present  work. 
X-ray  Absorption  Near  Edge  Structure  (XANES)  has  been  used  to  study  the  passive  films  on  Fe  and 
Fe-26Cr. 


Experimental 

The  experimental  setup  for  in  sim  XANES  measurements  has  been  described  previously^  and  is  shown 
in  Figure  1 .  The  design  of  the  cdl  ^ured  good  potential  control  of  the  sample  at  all  times.  Potentials 
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are  quoted  with  respect  to  a  saturated  mercurous  sulfate  reference  electrode  (~0.4V(SCE)).  The 
electrolyte  was  a  pH  8.4  borate  buffer.  The  solution  was  deaerated  throughout  the  experiments  by 
bubbling  with  nitrogen  which  also  ensured  that  all  dissolution  products  were  removed  from  the  vicinity 
of  the  electrode.  The  samples  consisted  of  a  6/tm  Mylar  film  onto  which  ~  lOOA  of  Nb  or  Ta  were 
sputtered  to  provide  electrical  contact.  20  or  40A  of  the  alloy  under  investigation  (Fe  or  Fe-26Cr)  was 
then  deposited  on  top  of  the  conducting  layer.  Measurements  were  made  at  Beamline  X19A  at  the 
National  Synchrotron  Light  Source.  Data  were  collected  in  fluorescence  geometry  using  a  13-element 
solid  state  detector  (Canberra). 

A  set  of  absorption  edges  of  standard  compounds  of  known  valency  were  measured  in  transmission 
geometry.  The  compounds  were  ground  finely  and  sealed  in  adhesive  Kapton  tape.  Absorption  edges 
of  metallic  chromium  and  iron  were  collected  from  thin  metal  foils,  also  measured  in  transmission 

Results  and  Discussion 

A  series  edges  of  Cr  and  Fe  standard  compounds  is  shown  in  Figures  2  and  3  respectively.  In  general 
the  absorption  edge  moves  to  higher  energy  as  the  oxidation  state  of  the  metal  increases,  llie  spectra  of 
Fe  and  Cr  both  show  relatively  flat  features  after  the  edge,  where  the  spectra  for  Fe304,  Fe203  and 
Cr203  show  a  sharp  peak.  The  6'valent  Cr  shows  a  distinctive  pre-edge  peak.  These  characteristics  can 
be  used  to  easily  visualize  the  changes  in  oxidation  state  in  a  sample  containing  a  particular  element  in 
more  than  one  valence  state. 

Figure  4  shows  a  series  of  spectra  collected  at  the  iron  K  edge  from  a  40A  film  of  iron  polarized 
cyclically  in  a  borate  buffer.  It  should  be  noted  that  the  edges  are  not  normalized  so  changes  in  the  edge 
height  represent  quantitative  changes  in  the  amount  of  iron  present.  The  initial  curve  was  collected  after 
cathodic  reduction  of  the  air-formed  oxide  film  at  -l.SV.  The  edge  position  and  flat  top  to  the  edge  is 
characteristic  of  metallic  iron.  On  stepping  the  potential  to  -0.4V  and  then  to  -1-0.4V,  the  edge  position 
shifts  to  higher  energies  and  the  top  of  the  edge  begins  to  sharpen  into  a  peak  (both  are  characteristic  of 
oxides).  The  height  of  the  edge  at  the  right  hand  side  of  the  figure  does  not  change  indicating  that  in  the 
solution  used  (a  borate  buffer),  oxidation  of  iron  proceeds  by  a  solid  state  reaction  without  any  detectable 
dissolution.  Reduction  of  the  passive  film  on  stepping  the  potential  back  to  -1.5V  results  in  a  spectrum 
identical  in  shape  to  the  first  one,  but  the  drop  in  the  edge  height  indicates  the  dissolution  of  a  significant 
amount  of  iron.  Spectra  from  the  next  cycle  show  that  this  process  is  repeatable  a  second  time. 
Subsequent  cycles  do  not  show  such  clear  bdiavior,  probably  due  to  a  loss  of  integrity  of  the  very  this; 
film.  The  loss  of  material  during  reduction  suggests  that  the  3-valent  oxide  is  reduced  to  the  soluble  2- 
valent  state  which  dissolved  away  leaving  a  bare  metal  surface.  If  this  reductive  dissolution  process  were 
100%  efficient,  then  it  should  be  possible  to  reconstruct  the  XANES  signal  originating  from  the  oxide 
alone  by  subtracting  curve  (d)  from  curve  (c).  The  result  of  this  subtraction  is  shown  as  (1).  Its  shape 
is  characteristic  of  3-valent  iron  oxides  (2)  but  the  negative  deviation  in  the  curve  around  7120  eV 
indicates  that  Fe  in  the  metallic  state  has  been  gained  upon  cathodic  reduction.  Approximate  fitting  of 
this  curve  indicates  that  the  ratio  of  reductive  dissolution  to  solid  state  reduction  is  in  the  region  of  2: 1 . 

The  total  amount  of  metal  lost  in  each  potential  cycle  is  listed  in  Table  1.  It  is  calculated  on  the 
following  basis;  it  is  assumed  that  the  height  of  the  Fe  K  edge  for  the  as-deposited  sample  (which  has  a 
very  thin  air-formed  oxide  film),  not  shown,  corresponds  to  40A  of  iron.  If,  for  example,  the  edge 
height  drops  by  20%,  this  corresponds  to  a  loss  of  iron  equivalent  to  SA  of  metal.  From  Table  1,  it 
spears  that  each  potential  cycle  for  pure  iron  involves  the  loss  of  approximately  ik. 

A  similar  set  of  experiments  was  carried  out  for  thin  films  of  Fe-26Cr.  One  of  the  advantages  of  using 
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a  multi-element  solid  state  detector  is  that  different  detector  elements  can  be  used  to  collect  fluorescence 
data  from  different  chemical  elements.  Thus  iron  and  chromium  K  edges  can  be  collected  by  scanning 
over  both  edges  in  a  single  spectrum  whilst  different  detector  elements  collect  Fe  and  Cr 
fluorescent  photons.  Figure  S(a)  shows  details  of  the  Fe  edge  in  a  polarization  experiment  on  Fe-26Cr. 
The  results  are  qualitatively  similar  to  those  found  for  pure  iron:  metallic  Fe  present  at  -I  .SV  undergoes 
oxidation  at  -0.4V  and  +0.4V  without  any  loss  of  material,  then  undergoes  significant  dissolution  as  the 
sample  is  reduced  back  to  -l.SV.  This  behavior  is  repeated  on  a  second  potential  cycle  (not  shown). 
However,  the  amount  of  iron  lost  in  each  cycle  is  ~2A,  considerably  less  than  the  —ik  lost  in  the  case 
of  pure  iron. 

The  chromium  K  edge,  measured  during  the  same  two  potential  cycles,  is  shown  in  Figure  S(b).  Whilst 
the  data  are  noisy  due  to  the  low  concentration  of  chromium  and  the  diminished  number  of  detector 
elements  used,  it  is  clear  that  the  data  fall  into  two  bands.  All  the  spectra  are  roughly  similar  in  shape, 
but  there  is  a  significant  loss  of  chromium  indicated  by  a  drop  in  the  edge  height  during  the  second 
potential  cycle  when  the  potential  is  raised  into  the  transpassive  region  (increased  from  -0.4V  to  -h0.4V). 
Concurrent  monitoring  of  the  iron  and  chromium  edges  demonstrates  the  interplay  between  the  two 
elements  in  the  film:  on  the  first  potential  cycle,  both  elements  are  oxidized  into  the  film.  However, 
chromium  is  not  present  in  the  film  in  a  sufficient  concentration  for  significant  transpassive  dissolution 
to  take  place.  During  reduction  of  the  oxide  at  the  end  of  the  first  potential  cycle,  iron  is  lost  by 
reductive  dissolution  leading  to  enrichment  of  chromium  in  the  passive  film.  On  the  second  potential 
cycle,  the  chromium  is  now  no  longer  protected  by  the  iron  and  is  present  in  a  sufficient  concentration 
for  transpassive  dissolution  to  occur.  This  model  is  consistent  with  similar  work  carried  out  on  AlCr 
alloys^.  the  presence  of  a  protective  alumina  layer,  chromium  is  trapped  in  the  film  but  if  the  alumina 
dissolves,  then  transpassive  dissolution  of  chromium  can  take  place. 

Cyclic  voltammograms  of  the  thin  film  Fe  and  Fe-26Cr  electrodes  were  similar  to  those  for  bulk 
electrodes  (after  the  second  cycle  in  the  case  of  Fe-26Cr)  indicating  that  the  electrochemistry  is  not 
affected  by  the  thinness  of  the  sample. 

In  situ  x-ray  absorption  spectroscopy  is  thus  a  powerful  technique  for  studying  alloy  passivation.  In 
addition  to  providing  in  situ  valency  information,  the  approach  allows  sensitive  measurement  of  the 
quantity  of  material  lost  from  the  alloy  through  dissolution  or  passivation.  In  principle,  it  is  possible  to 
determine  which  components  of  an  alloy  undergo  selective  dissolution,  which  are  enriched  in  the  passive 
film,  and  which  are  enriched  under  the  film  in  the  metallic  state. 

Conclusions 

1.  Formation  of  the  passive  film  on  both  iron  and  Fe-26Cr  proceeds  without  any  metal  dissolution. 

2.  Cathodic  reduction  of  the  passive  film  on  iron  leads  to  the  loss  of  the  equivalent  of  ~7A  of  metal 
in  dissolution.  The  ratio  of  reductive  dissolution  to  solid  state  reduction  is  approximately  in  the 
region  of  2:1. 

3.  Cathodic  reduction  of  the  passive  film  on  Fe-26Cr  leads  to  the  loss  of  only  ~2A  of  iron. 

4.  Transpassive  di.s.solution  of  chromium  from  Fe-26Cr  can  only  take  place  on  the  second  potential 
cycle  once  iron  in  the  film  has  undergone  reductive  dissolution  leading  to  enrichment  of  chromium 
in  the  passive  film. 

5.  In  situ  x-ray  absorption  spectroscopy  of  passive  films  on  thin  film  electrodes  is  an  excellent 
technique  for  obtaining  quantitative  data  on  valency  and  dissolution  during  alloy  passivation. 
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Table  1.  Amount  of  metal  lost  during  potential  cycling  measured  from  die  edge  height  and 
converted  mto  an  equivalent  thickness  of  pure  metal. 


edge  measured 

sample 

sample  thickness 

/A 

cycle 

metal  lost 

/A 

±i 

Fe 

Fe 

40 

1 

8 

2 

6 

3 

2 

Fe 

20 

1 

7 

2 

2 

Fe-26Cr 

40 

1 

2 

2 

2 

Fe-26Cr 

20 

1 

1 

2 

3 

Cr 

Fe-26Cr 

40 

1 

0 

2 

2 

Fe-26Cr 

20 

1 

0 

2 

>3+ 

Fe-26Cr 

40 

1* 

3 

2 

2 

Fin  m  n-ii-r-rt^-'Tirii 

^Sample  was  "activated"  by  stepping  to  +0.8V  and  back  down  to  -1.5V. 

^Sample  sat  in  the  transpassive  region  for  several  hours  due  to  problems  with  the  synchrotron. 
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NORMALIZED  ABSORBANCE 


20-40A  Fe  or  re-26Cr  6/im  Mylar 


counter  reference 

electrode  electrode 

(platinum) 


bulk  ■  , 

solution  100a  Ta  or  Nb 


..j./*  incident  x-rays 
fluorescent  x-rays 


working  electrode 


solid  state 
detector 


Figure  1 .  Experimental  setup  for  in  situ  XANES  measurements 


ENERGY  (eV) 

Figure  2.  Cr  X  edges  of  standard  compounds  measured  in  transmission. 
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ENERGY  (eV) 


Figure  3.  Fe  K  edges  of  standard  conqsounds  measured  in  transmission. 


ENERGY  (eV) 


Figure  4.  Fe  AT  edge  of  40A  of  Fe  on  lOOA  of  Ta.  The  spectra  were  recorded  on  stepping  the  potential 
in  the  sequence  indicated.  Curve  (I)  is  the  diffieroice  between  (c)  and  (d). 
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0.09 


ENERGY  (eV) 


(b) 


ENERGY  (eV) 

Figure  S.  40A  of  Fe-26Cr  stepped  through  two  oxidation/rriuctiou  cycles  with  the  potratial  sequence 
indicated:  (a)  Fe  K  edge  (only  the  first  potential  cyc^'  is  shown);  (b)  Cr  K  edge. 
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Abstract 

The  local  photoelectrochemical  properties  of  passivated  surfaces  of  AISI  304 
stainless  steel  were  investigated  by  a  laser  spot  scanning  (LSS)  technique  which 

allows  the  resolution  of  the  photocurrent  response  in  a  pm  range.  It  was  found  that 
local  variations  in  the  photocurrent  in  several  respects  reflect  the  pitting  corrosion 
behaviour  of  the  investigated  material. 

At  sites  where  an  increased  photocurrent  is  measured  often  a  subsequent  pit  growth 
can  be  observed  in  an  aggressive  environment.  On  smooth  sample  surfaces  high 
local  photocurrents  are  mainly  associated  with  inclusions  present  in  the  bulk  of  the 
commercial  steel.  With  increasing  surface  roughness  not  only  much  larger  variations 
in  the  photoresponse  occur  but  also  a  much  higher  number  of  metastable  pitting 
events  can  be  detected.  A  statistical  analysis  of  the  results  indicates  that  the 
distribution  of  the  photocurrents  and  the  pit  initiation  activity  are  strongly  related. 
Therefore  laser-s|Mt  imaging  of  passive  films  on  stainless  steels  can  be  used  to 
detect  the  distribution  of  potential  pitting  sites. 

The  laser-spot  scanning  technique  can  not  only  be  employed  as  a  surface 
characterization  tool,  but  it  can  further  be  used  to  cause  surface  modifications.  An 
example  of  passive  film  modification  by  the  focussed  laser  light  is  presented  which 
led  to  an  improved  corrosion  resistance  of  the  passive  film.  It  could  be  shown  that  the 
improved  corrosion  resistance  in  acidic  solutions  after  laser-spot  mapping  of  the 
surface  is  probably  due  to  a  laser-induced  oxide  growth. 


Key  terms:  photoelectrochemistry,  laser-spot  images,  photocurrent,  electronic 

properties,  semiconductor,  stainless  steel,  passive  film,  pitting  corrosion 


Introduction 

Photoelectrochemistry  has  been  succesfully  applied  as  an  in-situ  technique  for  the 
characterization  of  passive  films.  Generally  it  pr(k)es  the  opto-electronic  properties  of 
the  surface  film  which  is  of  great  importance  for  the  corrosion  behaviour  of  materials.  It 
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has  been  shovim  that  the  photoresponse  is  sensitive  to  the  structural  properties  and 
the  chemical  composition  of  the  film. 

Rece^tr  photoelectrochemical  investigations  indicated  that  passive  films  on  various 
stainless  steels  behave  like  an  n*type  semicorKluctor  with  a  highly  defectiva  nature  [1* 
12].  In  several  respects  it  was  possible  to  evaluate  concepts  which  relate  the 
corrosion  behaviour  of  the  materials  •  particularly  their  resistance  against  pitting 
corrosion  -  with  results  obtained  from  photoeiectrochemical  measurements. 

Most  of  the  recent  work  in  this  field  has  been  carried  out  by  experimental 
arrangements  in  which  the  measured  photocurrent  characterizes  an  average 
behaviour  of  samples  with  a  large  area  (typically  some  mm^).  Since  the  breakdown  of 
passivity  in  an  aggressive  environment  -  e.g.  in  CI*-containing  solutions  -  takes  place 
at  'weak*  sites  of  the  surface,  knowledge  of  the  local  variation  of  the  photoresponse 
can  be  of  great  significance  for  the  understanding  of  the  initiation  mechanism  of 
pitting  corrosion. 

Therefore  in  the  (jast  few  years  several  investigators  used  focussed  LASER  beams  to 
reveal  differences  in  the  photoactivity  depending  on  the  particular  surface  location 
[12-24].  In  the  present  stu^  a  laser-spot  scanning  technique  (LSS)  has  been  used  to 
create  photocurrent  maps  of  passivated  stainless  steel  surfaces.  A  special  aim  of  this 
work  is  to  show  correlations  between  inhomogeneiteies  in  the  local 
photoeiectrochemical  behaviour  of  stainless  steels  and  their  suscepbility  to  pitting 
corrosion. 


Experimental 

The  photoeiectrochemical  arid  electrocherr  ical  investigations  were  carried  out  on  foils 
of  an  AISI  304  stainless  steel  (C:  0.048,  Cr:  18.1,  Ni:  8.6,  Mn:  1.3,  S:  0.004).  Except 
where  otherwise  denoted  the  samples  were  mechanically  polished  with  grit  4000  SiC 
emery  paper  and  diamond  paste  (1  pm)  and  rinsed  with  distilled  water  and  ethanol.  All 
solutions  were  prepared  from  reagent  grade  chemicals  and  distilled  water.  The 
solutions  were  d^erated  with  N2  prior  to  and  during  the  measurements. 

The  experimental  set-up  for  the  measurement  of  local  photocurrents  is  represented  in 
Fig.  1.  The  samples  which  were  embedded  in  three-component  acrylic  resin  (Triofix, 
Struers)  were  placed  2.00  mm  from  the  glass-window  (Suprasil  II)  of  the 
electrochemical  cell.  A  platinum  gauze  as  a  counter  electrode  and  the  Haber-Luggin 
capillar  of  a  saturated  calomel  electrode  (SCE)  were  mounted  into  the  cell  in  order  to 
allow  potentiostatic  control  (Jaissle  1002  T-NC)  of  the  sample. 

Photocurrents  were  generated  by  focussing  the  chopped  (f  =  30  Hz)  light  of  a  HeCd- 
LASER  (X,  s  325  nm,  P  »  4mW,  Omnichrome)  onto  the  working  electrode  at  a  fixed 
potential.  This  UV-type  LASER  was  chosen,  since  passive  films  on  stainless  steels 
show  generally  considerable  absorption  only  at  X,  <  400nm. 
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In  ail  experiments  the  lock-in  technique  was  applied  to  separate  the  photocurrents  from 
the  passive  currents.  For  this  the  current  output  of  the  potentiostat  was  connected  to  the 
signal  channel  of  the  lock-in  amplifier  (EG&G  5210)  and  the  trigger  signal  of  the 
chopper  (EG&G  9479)  was  fed  to  the  reference  input  of  the  lock-in  am^tfier. 

To  obtain  a  surface  map  of  the  local  photocurrents  the  cell  was  mounted  on  a  xyz-stage 
(Newport  462XYZ)  controlled  via  an  interface  card  (Newport  PMC300)  by  an  IBM-PC. 

The  diameter  of  the  LASER-spot  could  be  measured  by  replacing  the  sample  by  a 
sharp  blade  and  moving  it  out  of  the  LASER  beam  in  front  of  an  optical  power  meter 
(Newport  835).  In  a  dl/dx-piot.  where  I  represents  the  light  intensity  and  x  the  position,  a 
Gaussian-type  of  curve  was  obtained.  The  half-width  of  this  curve  was  defined  as  size 
of  the  LASER-spot. 

Potentiodynamic  polarization  curves  were  registered  with  Schlumberger  Solartron  ECi 
1286  controlled  by  a  microcomputer  using  a  traditional  3-electrode  set-up  and  a  sweep 
rate  of  1mV/5s. 


Results  and  Discussion 
A.  Detection  of  potential  pitting  sites 

in  Fig.  2a  the  local  photocurrent  distribution  and  in  Fig.2b  corresponding  photocurrent 
contour  map  of  a  Laser-scanning  experiment  of  the  304  stainless  steel  passivated  for 
20  min  at  300  mV  SCE  in  0.05M  H2SO4  and  subsequently  measured  at  -450  mV 
SCE  are  shown.  After  the  scanning  experiment  NaCI  solution  was  added  to  the 
electrolyte  to  establish  a  chloride  concentration  of  0.5M  and  a  polarization  curve  (Fig. 
3)  was  recorded  -  with  a  stable  pitting  process  occurring  at  120  mV  SCE.  The 
polarization  curve  was  stopped  at  300  mV  SCE  and  the  sample  surface  was 
examined  microscopically.  In  Fig.  2c  the  same  surface  region  is  shown  where 
previously  the  photocurrent  mapping  was  performed.  By  comparing  Fig.  2b  and  Fig. 
2c  it  is  obvious  that  pits  were  formed  at  surface  locations  which  exhibit  an  enlarg^ 
photocurrent. 

In  order  to  evaluate  possible  reasons  for  a  local  increase  of  the  photocurrents  further 
photoelectrochemicai  investigations  were  carried  out  combined  with  a  metaliographic 
examination  of  the  sample.  Fig.  4  shows  the  photocurrent  map  (4a)  of  the  304  steel 
passivated  at  300  mV  SCE  in  1M  Na2S04  solution  for  1  h  and  the  corresponding 
photograph  (4b)  of  the  same  surface  area,  it  Is  very  clearly  evident  that  the  distribution 
of  inclusions  on  the  steel  surface  coincides  with  the  distribution  of  high  local 
photocurrents,  it  has  to  be  mentioned  that  in  this  experiment  a  surface  region  has 
been  examined  which  was  particurlariy  rich  in  inclusions  -  typically  a  significantly 
lower  density  of  inclusions  and  hence  much  lower  variations  of  ^e  photocurrent  were 
observed. 

Combining  the  above  findings  it  can  be  concluded  that  local  photoelectrochemistry 
can  be  u^  to  detect  sites  of  inclusions  in  the  bulk  material.  These  sites  represent  a 
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"weak”  spot  of  the  steel  surface  at  which  •  in  an  aggresive  environment  •  the 
occurence  of  pitting  corrosion  is  favoured 


These  results  are  in  good  agreement  with  literature  in  which  it  has  been  shovwi  that 
several  types  of  inclusions  or  precipitates  in  tiie  bulk  material  may  act  as  InHiation 
sites  for  pittNig  corrosion  [25,26]. 


B.  Effect  of  surface  pre-treatment  on  laaar-scans  and  pit  Initiation 

Fig.  5a-c  show  the  local  resolution  of  the  photocurrent  response  for  an  AISI 304  in  1M 
Na2S04  at  300  mV  SCE  pretreated  to  a  different  surface  finish.  It  is  clearly  to  be  seen 
that  the  sample  with  the  roughest  surface  (SiC  320)  shows  the  strongest  variations  ki 
the  photoresponse  followed  by  SiC  1000  and  the  polished  sample,  at  which  only 
weak  inhomogeneifies  in  the  photoresponse  occur. 

In  order  to  gain  statistically  relevant  information  about  the  distribution  of  these 
inhomogeneities,  4  to  6  images  with  the  same  resolution  at  different  locations  were 
acquired  for  2-3  samples  for  each  surface  pretreatment.  In  Fig.  6  the  results  of  these 
runs  are  compiled  in  a  probability  plot. 

It  is  obvious  that  most  of  the  results  belong  to  one  normal  distribution  which  does  not 
differ  strongly  for  the  three  treatments.  This  distribution  can  be  attributed  to  either  the 
experimental  noise  or  irregularities  associated  witfi  the  investigated  material. 

The  deviations  from  the  straight  behaviour  at  the  high  end  of  the  plot  are  unlikely  to 
be  due  to  "noise*  and  are  of  a  distinct  nature  for  the  different  treatments.  By  applying 
a  simple  separation  method  after  Preston  [27],  it  was  possible  to  subtract  the  'noise* 
distribution  from  the  data  sets.  The  remaining  data-points  were  summed  in  order  to 
obtain  a  measure  of  the  overall  effect  of  each  treatment.  In  Fig.  7  this  integrated 
"excess*  photocurrent  is  given  as  a  function  of  the  surface  treatments. 

In  Fig.  8  the  number  of  metastable  pitting  events  occurring  during  24h  of  passivation 
in  a  0.1  M  NaCI  solution  is  shown  as  a  functkxi  of  the  surface  treatment.  The  smoother 
the  surface,  the  less  transients  can  be  detected,  it  can  be  seen  that  on  a  very  smooth 
surface  the  pitting  rate  can  be  reduced  by  a  factor  of  10.  A  comparison  of  this  result 
with  Fig.  7  shows  a  very  similar  behaviour  in  both  plots. 

Until  now  the  origin  of  the  effect  of  the  surface  pre-treatment  on  the  local  distribution  of 
the  photocurrents  and  on  the  localized  corrosion  susceptibility  has  not  been 
conclusively  clarified. 

Preliminary  results  obtained  by  scanning  tunneling  microscopy  and  spectroscopy 
indicate  that  passive  films  formed  on  rough  electrode  surfaces  show  strong  local 
variations  in  their  electronic  properties  [28].  Particurlarly  in  the  valleys  of  the  grinding 
traces  a  significantly  lower  band-gap  energy  of  the  films  was  determine  from 
tunneling  spectra  [28].  Hence  such  local  differences  could  explain  the  variations  in 
the  magnitude  of  the  photocurrents.  It  has  been  shown  [10]  that  low  band-gap 
energies  and  high  photocurrents  are  often  combined  with  a  passive  film  structure, 
which  is  less  resistant  against  pitting  corrosion.  Hence  it  could  be  concluded  that  sites 
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of  high  photocurrent  indicate  the  presence  of  a  weak  spot  in  the  passive  film  which 
exhibits  a  reduced  resistance  against  metastable  pitting. 


At  present  it  is  not  possible  to  completely  exclude  that  above  findings  in  the 
photocurrent  measurements  are  associated  with  multiple  reflections  of  the  laser  beam 
at  particularly  uneven  surface  sites  and  on  the  other  hand  that  pit  initiation  is  favoured 
at  these  sites. 


C.  Passive  film  modification  by  the  focussed  laser  beam 

Fig.9  shows  a  photograph  of  a  304  stainless  steel  surface  passivated  for  20  min  at 
3C^  mV  SCE  in  a  0.05M  H2SO4  solution  twice  laser-scanned  at  -450  mV  SCE  at  the 
same  location  and  exposed  to  the  acidic  solution  for  3  days  at  -450  mV  SCE.  The 
value  of  -450  mV  SCE  for  the  potential  corresponds  approximately  to  the  open-circuit 
potential  of  this  sample  when  actively  corroding.  From  the  photograph  it  can  be  seen 
that  the  steel  suffered  from  a  uniform  corrosion  attack  exce^  of  a  square  of  450  x  450 
pm  in  the  center  of  the  sample.  This  square  is  located  where  the  sample  was  exposed 
to  focussed  laser  light  during  the  laser  scans. 


To  evaluate  possible  reasons  for  the  improved  corrosion  resistance  of  the  irradiated 
area  the  effect  of  the  increased  local  temperature  has  to  be  considered  since 
relativeiy  high  local  energy-densities  can  occur  in  focussed  laser  beam  experiments . 

In  order  to  estimate  the  temperature  increase  AT  in  the  laser  affected  zone  and  by 
assuming  a  Gaussian  temperature  distribution  the  following  equation  (1)  can  be  used 
I29J: 


AT(t)= 


APr 

2KfK/2 


arctan 


qjsjl 

pcr2 


(1) 


with  A  =  e-®^<*  and  P'=  P/r^x 


where 


ax:  absorption  coefficient  of  respective  wavelength 
d:  thickness  of  the  absorption  layer 

P:  Power  of  the  incident  light 

n  radius  of  the  laser  spot 

c:  specific  heat 

K:  thermal  conductivity 

p:  density 


In  equation  (1)  the  arctan-term  only  contributes  in  a  neglectible  manner  for  t  >  10*^  s 
(and  p  and  c  within  a  reasonable  range)  since  thermal  equilibrium  is  established  very 
rapidly. 

For  the  experiment  this  means  that  changes  in  the  chopper  frequency  (within  physical 
limits)  do  not  significantly  influence  the  increase  of  temperature  (i.e.  AT  is  the  same  as 
if  a  continuous  radiation  was  used). 


Employing  reasonable  values  for  the  parameters  ax(Fe203)  ->2-107  m*i  at  325  nm 
[30-32];  d  =3  nm;  K  =40  W/mK  (average  for  steels  [33])  and  from  the  experiment  P  =  3 
mW;  r  =  5  pm;  an  increase  of  the  temperature  AT  =  2.8K  results.  According  to  eq.  (1) 
AT  varies  directly  proportional  to  P.  r  and  K  and  therefore  changes  in  the  local 
temperature  for  other  parameters  can  easily  be  calculated. 

From  the  estimation  of  AT  =  2.8K  it  can  be  concluded  that  the  improved  corrosion 
resistance  is  probably  not  due  to  processes  associated  with  an  increased  local 
temperature.  More  likely  is  a  laser-induced  oxide  growth  which  can  occur  either  by 
direct  participation  of  photogenerated  electrons  or  holes  in  the  mechanism  or 
indirectly  by  a  changed  potential  distribution  in  the  illuminated  oxide  [34]. 


Conclusions 

1.  Laser-spot  imaging  of  passive  films  can  be  used  as  a  tool  for  detecting  potential 
pit  nucleation  sites.  On  smooth  surfaces  high  local  photocurrents  are  often 
associated  with  inclusions  present  in  the  bulk  of  the  commercial  steels  and  these 
sites  are  particularly  suscepible  to  pitting  corrosion. 

2.  Mechanical  surface  pre-treatment  influences  the  distribution  of  the 
photocurrents.  With  increasing  surface  roughness  larger  variations  in  the 
photoresponse  occur.  Further,  a  much  higher  number  of  metastable  pitting 
events  can  be  detected  by  increasing  surface  roughness.  It  could  be  shown  that 
the  distribution  of  the  photocurrents  and  the  pit  initiation  activity  are  strongly 
related. 

3.  Scanning  of  a  passive  surface  with  a  laser-spot  can  induce  a  modification  of  the 
passive  film  which  can  lead  to  an  improved  corrosion  resistance  of  the  material. 
This  beneficial  effect  is  probably  due  to  a  laser-induced  oxide  growth. 
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electrochemical 
cell  mounted  on 
xyz  sta^e 


Fig.  1 :  Experimental  set-up  for  Laser- 
spot  scanning  measurements 


Fig.  2b):  Contour-map  of  the  local  photo¬ 
current  (Replot  of  Fig.  2a)-  Dark  dots 
correspond  to  high  photocurrents 


Fig.  2a):  LSS  image  of  an  AISI  304 
stainless  steel  surface  at  -450  mVscE 
in  0.05M  H2SO4 

spot  size  =  10pm,  step  size  =  15pm 
image  size  =  450  x  450  pm 


Fig.  2c):  Photograph  of  the  same  sur¬ 
face  region  as  ir.  Fig.  2b)  after  recor¬ 
ding  the  polarization  curve  from  Fig.  3 
and  hence  causing  pitting  attack 
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a)  b) 

Fig.  4:  Contour  map  of  the  local  photocurrent  (a)  and  photograph  (b)  of  AISI  304 
passivated  at  300  mVscE  in  1 M  Na2S04 
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Photocurrent  (a.u.) 


a)  b) 

Fig.  5:  Typical  LSS  images  obtained  for  different  surface  pre-treatments  of  AISI  304 

passivated  in  1M  Na2S04  at  300  mV  SCE 

a)  SiC  320,  b)  SiC  1000 ,  c)  polished  1  pm 

spot  size  =  8  pm,  step  size  *  1 5  pm,  image  size  =  450  x  450  pm 


5c)  Fig.  6:  Probability  distribution  of 

local  photocurrents  for  three 
different  surface  treatments 
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Amorphous  Iron-Chromium-Metalloid  Alloys 
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Abstract 

Electrochemical  and  XPS  studies  of  the  passivation  behavior  of  amorphous 
Fe-Cr-Mo-13P-7C  alloys  in  deaerated  stagnant  1  M  HCl  and  in  agitated  9  M 
H2SO4  open  to  air  revealed  that  the  difference  in  periods  of  preliminary  air- 
exposure  of  the  specimen  polished  in  cyclohexane  affects  the  passivation  behavior. 
It  was  also  found  that  whether  washing  and  drying  after  passivation  was  done 
without  air  exposure  or  during  air  exposure  affects  largely  the  analytical  results 
of  ihe  passive  film. 

Key  terms:  Amorphous  alloys,  XPS  analysis,  passivity 

Introduction 

Amorphous  chromium-containing  metal-metalloid  alloys  are  well  known 
to  have  extremely  high  corrosion  resistance  in  chloride-containing  strong  acids^ 
In  particular,  the  addition  of  molybdenum  to  amorphous  Fe-Cr  alloys  containing 
phosphorus  is  quite  effective  in  improving  the  corrosion  resistance  and  hence 
some  amorphous  Fe-Cr-Mo-P-C  alloys  passivate  spontaneously  even  in  12  M 
HCl^  Beneficial  effects  of  molybdenum  and  phosphorus  in  enhancing  the 
corrosion  resistance  of  amorphous  chromium-containing  alloys  are  not  well 
understood.  Electrodeposited^^  and  melt-spun^  *  amorphous  Ni-P  alloys  possess 
higher  corrosion  resistance  than  nickel  metal  in  acidic  solutions,  although  the 
amorphous  Ni-P  alloys  are  not  passive  in  acidic  solutions.  Diegle  et  al.^  performed 
XPS  analysis  of  the  surface  films  without  exposure  of  the  specimens  after 
polarization  and  observed  elemental  phosphorus  on  the  Ni-P  alloy  surface.  Some 
of  the  present  authors^”  proposed  from  the  kinetic  and  XPS  data  that  the  preferential 
dissolution  of  nickel  occurred  from  the  amorphous  Ni-P  alloy  with  a  consequent 
formation  of  an  elemental  phosphorus  surface  layer  acting  as  the  diffusion 
barrier  for  nickel  dissolution.  The  formation  of  the  elemental  phosphorus  layer 
on  amorphous  alloys  containing  both  chromium  and  phosphorus  in  strong  acids 
gives  rise  not  only  to  a  decrease  in  the  anodic  dissolution  current  but  also  to 
enhancement  of  cathodic  oxygen  and  hydrogen  reduction”’^^.  This  leads  to 
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ennoblement  of  the  open  circuit  potential  to  the  passive  region  of  chromium  and 
to  the  formation  of  a  passive  chromium  oxyhydroxide  film.  Nevertheless,  it  is 
quite  difficult  to  identify  the  elemental  phosphorus  layer  by  ex  situ  analysis  of 
the  surface  after  corrosion,  because  of  air  oxidation  of  the  elemental  phosphorus 
layer. 

O''  the  other  hand,  the  role  of  molybdenum  in  enhancing  the  corrosion 
resistance  of  chromium-bearing  alloys  is  widely  investigated.  It  has  been  revealed 
from  XPS  and  electrochemical  studies’^’’^  that  molybdenum  is  passive,  forming 
Mo'’^  oxide  film  in  the  active  region  of  chromium-bearing  alloys,  and  a  decrease 
of  the  anodic  dissolution  current  with  a  consequent  enhancement  of  passivation 
based  on  the  formation  of  a  passive  hydrated  chromium  oxyhydroxide  film. 
However,  rinsing  and  drying  the  specimen  in  air  after  immersion  or  polarization 
of  the  alloys  in  that  potential  region  give  the  analytical  result  of  a  high  ratio  of 
Mo^/Mo^^  in  the  surface  films  because  of  oxidation  of  Mo^*  in  the  films  to 
Mo^  by  air  exposure^^. 

In  this  manner,  the  analytical  results  of  the  surface  is  often  affected  by 
post-treatment  conditions  such  as  rinsing  and  drying.  On  the  other  hand,  the 
corrosion  behavior  itself  is  affected  by  pre-treatment  of  alloys  before  corrosion 
experiments.  The  present  work  reports  interesting  results  obtained  as  a  result  of 
pre-  and  post-treatments  of  alloy  specimens  where  the  roles  of  chromium, 
molybdenum  and  phosphorus  in  enhancing  the  corrosion  resistance  have  been 
studied. 


Experimental  Procedures 

Fe-Cr-Mo-13at%P-7at%C  alloy  ingots  were  prepared  by  high  frequency 
induction  melting  of  laboratory-made  iron  phosphide  and  iron  carbide,  and 
commercial  molybdenum,  chromium  and  iron  under  an  argon  atmosphere.  From 
these  ingots  amorphous  alloy  ribbons  of  about  1  mm  in  width  and  20-30  mm  in 
thickness  were  prepared  by  the  rotating  wheel  method.  Prior  to  electrochemical 
measurements  and  surface  analysis,  the  amorphous  alloy  ribbons  were  polished 
in  cyclohexane  with  silicon  carbide  paper  up  to  No.  1000,  degreased  in  acetone 
and  dried  in  air.  The  electrochemical  measurements  and  surface  analysis  were 
performed  on  specimens  immediately  after  drying  and  after  standing  in  air  for 
24-40  h. 

Electrochemical  imeasurements  for  amorphous  Fe-8Cr-Mo-13P-7C  alloys 
were  carried  out  in  deaerated  1  M  HCl  solution  at  SO^C.  The  solution  was 
deaerated  previously  by  bubbling  oxygen-free  nitrogen  and  was  introduced  into 
an  electrolytic  cell  without  air  exposure.  Before  the  cell  was  filled  with  the 
electrolyte  the  specimen  was  installed  in  the  cell  and  the  cell  was  purged  with 
oxygen-free  nitrogen.  Polarization  of  the  specimen  was  started  when  the 
potentiostatically  polarized  specimen  was  immersed  instantaneously  in  the 
solution  or  was  wet  by  the  solution  due  to  elevation  of  the  solution  level.  The 
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polarization  potential  chosen  was  -0.1  V(SCE)  which  is  close  to  the  lowest 
potential  for  passivation  of  chromium  in  order  to  detect  the  beneficial  effect  of 
molybdenum.  Polarization  was  completed  by  the  removal  of  the  electrolyte, 
and  the  specimen  was  rinsed  with  oxygen-free  water  without  exposure  to  air. 
The  specimen  was  sealed  in  nitrogen  in  the  upper  part  of  the  cell  which  was 
separated  from  the  main  part  of  the  cell.  The  sealed  upper  part  of  the  cell  with 
the  specimen  was  transferred  into  a  glove  box  and  was  opened  for  drying  the 
specimen  in  an  argon  atmosphere  and  for  mounting  the  specimen  on  the  specimen 
holder  for  XPS  analysis.  The  specimen  holder  was  installed  into  a  transfer 
vessel  of  the  X-ray  photoelectron  spectrometer  in  the  glove  box,  and  then  the 
specimen  was  installed  in  the  spectrometer  without  air  exposure.  After  X-ray 
photoelectron  spectra  were  measured  the  specimen  was  exposed  to  air  for  1  h 
and  the  X-ray  photoelectron  spectra  were  measured  once  again  for  the  air-exposed 
specimen.  XPS  analysis  was  also  performed  for  the  specimen  rinsed  with  water 
in  air  and  dried  in  air  after  polarization  in  the  deaerated  solution. 

Another  corrosion  test  was  conducted  for  amorphous  Fe-8Cr-13P-7C  alloy 
specimens  in  9  M  H^SO^.  Since,  even  when  the  solution  was  open  to  air, 
prolonged  immersion  induced  slight  corrosion  for  spontaneously  passive  ribbon¬ 
shaped  specimen  due  to  an  insufficient  oxygen  supply  to  the  specimen  surface, 
the  solution  in  a  kjerdahl  flask  open  to  air  was  agitated  by  mechanical  shaking. 
After  the  corrosion  test  for  prescribed  time  intervals,  the  kjerdahl  flask  was 
purged  with  oxygen-free  nitrogen  and  the  specimen  was  washed  with  deaerated 
water  several  times  by  decantation  in  oxygen-free  nitrogen.  The  sealed  kjerdahl 
flask  with  the  specimen  was  transferred  into  the  glove  box  in  which  the  specimen 
was  dried  in  argon  and  mounted  on  the  specimen  holder  for  XPS  analysis. 
After  the  corrosion  test  some  specimens  for  XPS  analysis  were  rinsed  with 
water  in  air  and  dried  in  air. 

X-ray  photoelectron  spectra  were  mostly  measured  by  a  SHIMADZU 
ESCA-850  electron  spectrometer  with  Mg  excitation.  For  some  specimens 
rinsed  in  uir  a  SSI  SSX-100  electron  spectrometer  with  A1  excitation  was 
used.  The  composition  and  thickness  of  the  surface  film  and  the  composition  of 
the  underlying  alloy  surface  just  below  the  surface  film  were  quantitatively 
determined  from  the  integrated  intensities  of  spectral  peaks’\  Photo-ionization 
cross  sections  used  were  summarized  elsewhere’^. 

Results  and  Discussion 


Effects  of  Pre-Treatment 

Figure  1  shows  potentiodynamic  polarization  curves  of  amorphous  Fe- 
8Cr-Mo-13P-7C  alloys  measured  in  deaerated  1  M  HCl  at  30°C.  An  increase  in 
molybdenum  content  decreases  the  current  density  in  both  the  active  and  passive 
regions,  and  decreases  the  cathodic  current  density.  Because  the  decrease  in 
anodic  current  density  is  larger  than  the  decrease  in  cathodic  current  density,  the 
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addition  of  6  at%  molybdenum  results  in  spontaneous  passivation.  Figure  2^^ 
shows  the  change  in  concentration  of  chromic  ion  in  the  passive  films  formed 
on  amorphous  alloys.  The  specimens  were  exposed  to  air  for  more  than  24  h 
after  polishing  in  cyclohexane  before  polarization,  and  were  rinsed  with  water 
in  air.  Chromic  ions  in  the  surface  film  formed  on  the  Fe-8Cr-13P-7C  alloy  at 
-0.1  V(SCE)  increase  with  polarization  time.  By  contrast,  the  passive  film 
formed  on  the  Fe-8Cr-7Mo-13P-7C  alloy  is  quite  stable,  and  hence  no  appreciable 
change  occurs  in  the  film  composition  during  prolonged  polarization.  The 
concentration  of  chromic  ions  in  the  air-formed  oxide  films  on  both  the  alloys  is 
almost  the  same  as  that  of  chromium  in  the  bulk  alloys.  However,  this  is  the 
ca.se  for  the  specimens  exposed  to  air  for  prolonged  time  after  polishing  in 
cyclohexane. 

Figure  3  shows  the  cationic  fraction  of  chromium  in  the  air-formed  surface 
films  and  passive  films  on  the  amorphous  Fe-8Cr-13P-7C  alloy  specimens. 
Chromic  ions  are  concentrated  in  the  air-formed  film  just  after  polishing  in 
cyclohexane.  The  concentration  of  chromium  in  the  underlying  alloy  surface 
for  the  specimen  just  after  polishing  in  cyclohexane  was  almost  the  same  as  that 
in  the  bulk  alloy.  Accordingly,  the  enrichment  of  chromic  ion  in  the  air-formed 
film  just  after  polishing  in  cyclohexane  seems  to  be  due  to  selective  dissolution 
of  iron  in  cyclohexane.  The  exposure  of  the  specimen  to  air  for  40  h  after 
polishing  resulted  in  film  thickening  and  a  decrease  in  the  film  chromium 
content  due  to  preferential  oxidation  of  iron.  Hence  the  ratio  of  chromium  to 
iron  in  the  film  after  prolonged  air  exposure  becomes  almost  the  same  as  that  in 
the  bulk  alloy.  On  the  other  hand,  when  the  specimen  just  after  polishing  in 
cyclohexane  and  drying  was  polarized  for  1  h  at  -0.1  V(SCE)  in  deaerated  1  M 
HCl,  chromic  ions  are  concentrated  to  about  57%  in  the  passive  film  being 
accompanied  by  preferential  dissolution  of  iron.  This  chromium  concentration 
in  the  film  is  almost  the  same  as  that  in  the  film  formed  on  the  specimen  by 
polarization  for  5  h  shown  in  Figure  2,  the  specimen  being  exposed  to  air  for  a 
long  time  before  polarization  for  5  h.  When  the  specimen  exposed  to  air  for  40 
h  after  polishing  in  cyclohexane  was  polari^d  for  1  h  at  -0.1  V(SCE)  in  deaerated 
1  M  HCl,  chromium  enrichment  in  the  film  also  occurs  but  the  concentration  of 
chromic  ions  in  the  film  is  lower  than  that  in  the  film  on  the  specimen  polarized 
immediately  after  polishing.  It  can,  therefore,  be  said  that  the  gradual  increase 
in  chromic  ion  concentration  in  the  film  on  the  amorphous  Fe-8Cr-13P-7C  alloy 
specimen  with  time  shown  in  Figure  2  occurred  because  polarization  was  done 
after  prolonged  air-exposure,  but  when  the  specimen  was  polarized  immediately 
after  polishing  in  cyclohexane  the  chromic  ion  concentration  in  the  film  reached 
the  maximum  value  by  polarization  within  1  h.  This  means  that  the  ageing  of 
the  air-formed  oxide  film  through  prolonged  air-exposure  prevents  rapid 
dissolution  of  alloy  constituents  unnecessary  for  passivation  during  polarization 
in  1  M  HCl  and  hence  prevents  rapid  enrichment  of  chromic  ions  in  the  passive 
film. 
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Figure  4  shows  the  change  in  current  density  of  amorphous  Fe-8Cr-Mo- 
13P-7C  alloys  polarized  at  -0.1  V(SCE)  in  1  M  HCl.  After  an  initial  current 
increase  due  to  breakdown  of  the  air-formed  films  the  anodic  current  density 
reaches  a  maximum  value  and  then  decreases  sharply,  because  breakdown  of 
the  air-formed  film  is  immediately  followed  by  passive  film  formation.  Increasing 
alloy  molybdenum  content  decreases  the  amount  of  charge  passed  for  the  onset 
of  passivation. 

Figure  5  shows  the  ionic  fractions  in  the  films  formed  on  the  amorphous 
Fe-8Cr-13P-7C  and  Fe-8Cr-6Mo-13P-7C  alloys  polarized  in  1  M  HCl  just  after 
polishing  in  cyclohexane.  Polarization  in  the  passive  region  results  in  chromium 
enrichment  in  the  films  on  both  alloys.  The  maximum  concentration  of  chromium 
in  the  films  on  the  Fe-8Cr-13P-7C  and  Fe-8Cr-6Mo-13P-7C  alloys  is  attained 
after  polarization  for  about  300  and  120  s,  respectively.  The  maximum 
concentration  of  chromic  ions  is  almost  the  same  on  both  alloys.  It  can,  therefore, 
be  said  that  the  molybdenum  addition  enhances  passivation  through  prevention 
of  dissolution  of  chromic  ions  in  the  air-formed  film.  As  can  be  seen  from  a 
comparison  of  Figures  2  and  5,  the  reproducibility  of  analytical  data  for  the 
specimens  just  after  polishing  is  not  high.  This  is  attributable  to  a  scatter  in  the 
degree  of  ageing  of  the  air-formed  oxide  films  before  polarization.  However, 
the  ageing  of  the  air-formed  film  somewhat  increases  the  stability  of  the  film, 
and  slows  down  the  preferential  dissolution  of  unnecessary  elements  from  the 
alloy  surface.  Accordingly,  prolonged  polarization  is  required  for  the  formation 
of  stable  passive  films  enriched  in  chromic  ions  when  the  specimens  are  previously 
exposed  to  air  for  a  long  period  of  time  after  polishing. 

Effects  of  Post-Treatments 

Figure  6  shows  Fe  2p  spectra  of  the  specimens  after  polarization  for  5  h. 
Because  of  prolonged  polarization,  passivity  seems  well  established.  The  Fe  2p 
spectrum  (a)  for  the  specimen  without  air  exposure  shows  a  sharp  Fe  2p  peak 
for  the  metallic  state  of  iron  but  the  oxidized  signal  is  very  weak.  However,  air 
exposure  of  the  same  specimen  for  1  h  after  XPS  measurements  resulted  in 
oxidation  of  iron  showing  the  Fe  peak  of  oxidized  iron  at  about  710  eV  (b). 
When  the  specimen  was  washed  with  water  in  air  and  dried  in  air,  the  strong  Fe 
2^3^  peak  of  oxidized  iron  appears  (c).  The  oxide  components  of  Mo  3d  spectra 
for  these  specimens  are  shown  in  Figure  7.  The  spectrum  for  the  specimen 
without  air  exposure  consists  mostly  of  that  for  Mo^*.  Air  exposure  of  the  same 
specimen  for  1  h  after  XPS  measurements  resulted  in  the  formation  of  Mo^  due 
to  oxidation  of  Mo^*  showing  the  Mo  peak  of  oxidized  molybdenum  at 
about  236  eV.  When  the  specimen  was  washed  with  water  in  air  and  dried  in 
air,  the  intensity  of  the  Mo^  3d^^  peak  appears  clearly. 

Figure  8  shows  schematically  ionic  fractions  in  the  films.  Polarization 
was  carried  out  for  the  specimens  immediately  after  polishing  in  cyclohexane. 
When  the  specimen  whose  X-ray  photoelectron  spectra  were  measured  without 
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air  exposure  after  polarization  was  exposed  to  air  for  1  h,  preferential  oxidation 
of  iron  occurs  with  a  consequent  film  thickening  of  about  10%.  This  indicates 
that  the  passive  film  formed  by  prolonged  polarization  for  5  h  at  a  low  potential 
in  the  passive  region  is  not  completely  stable  after  being  dried  without  air 
exposure.  On  the  other  hand,  when  the  specimen  polarized  for  5  h  was  rinsed 
with  water  in  air  and  dried  in  air,  the  film  with  a  higher  concentration  of  iron 
and  a  lower  concentration  of  phosphorus  in  comparison  with  the  two  films 
mentioned  above  was  formed  without  film  thickening.  Accordingly,  phosphorus 
was  dissolved  during  rinsing  and  iron  was  oxidized.  Consequently,  the  passive 
film  formed  by  prolonged  polarization  for  5  h  at  a  low  potential  in  the  passive 
region  is  not  completely  stable  when  the  specimen  is  washed  before  being  dried 
in  an  inert  atmosphere. 

When  passivation  occurs  in  more  aggressive  solutions  than  1  M  HCl  the 
passive  film  becomes  more  stable.  When  the  amorphous  Fe-8Cr-13P-7C  alloy 
was  immersed  in  agitated  9  M  H^SO^  open  to  air,  corrosive  dissolution  of  the 
alloy  occurred  in  the  initial  period  of  immersion,  and  the  alloy  became  stable 
after  immersion  for  30  min.  Figure  9  shows  the  change  in  the  open  circuit 
potential  during  immersion  in  agitated  9  M  H^SO^  open  to  air.  The  open  circuit 
potential  is  in  the  active  region  just  after  immersion  but  increases  gradually 
with  time.  The  open  circuit  potential  is  raised  to  the  passive  region  of  chromium 
after  immersion  for  30  min  and  continues  to  increase.  As  shown  in  Figure  10, 
analytical  results  for  cationic  fractions  in  the  surface  films  formed  in  this  very 
aggressive  solution  is  not  affected  by  a  difference  in  post-treatments.  A 
comparison  of  Figures  9  and  10  clearly  reveals  that  the  open  circuit  potential 
rises  to  the  passive  region  of  chromium  before  the  chromium  enrichment  occurs 
in  the  film  after  breakdown  of  the  air-formed  film.  This  fact  clearly  indicates 
that  the  ennoblement  of  the  open  circuit  potential  to  the  passive  region  of 
chromium  is  not  attributable  to  the  formation  of  a  chromium-enriched  passive 
film.  As  shown  later  this  fact  results  from  the  formation  of  an  elemental 
phosphorus  layer  during  initial  active  dissolution  of  the  alloy.  The  formation  of 
the  elemental  phosphorus  layer  enhances  the  cathodic  reduction  of  oxygen, 
decreases  the  anodic  dissolution  current  and  hence  enhances  the  formation  of  a 
passive  chromium  oxyhydroxide  film. 

Figure  11  shows  P  2p  spectra  for  the  amorphous  Fe-8Cr-13P-7C  alloy 
specimens  immersed  in  agitated  9  M  HjSO^  open  to  air  after  being  washed  with 
deaerated  water  in  oxygen-free  nitrogen  and  dried  in  argon  and  after  being 
washed  with  water  in  air  and  dried  in  air.  It  is  clear  that  washing  in  air  and 
drying  in  air  induce  oxidation  of  phosphorus.  As  shown  in  Figure  10,  whether 
washing  and  drying  was  done  without  air  exposure  or  during  air  exposure  did 
not  affect  the  ratio  of  chromium  to  iron  in  the  film.  Consequently,  the  elemental 
phosphorus  layer  existed  on  the  passive  film  during  immersion  and  was  oxidized 
during  rinsing  and  drying  in  air.  In  this  manner,  when  passivation  occurs  in 
very  aggressive  solution  due  to  ennoblement  of  the  open  circuit  potential  by  the 
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protective  action  of  the  cathodically  active  elemental  phosphorus  layer,  the 
difference  in  post-treatment  of  the  specimen  does  not  affect  the  analytical  result 
for  the  ratio  of  chromium  to  iron  in  the  passive  film. 

Conclusions 

Electrochemical  and  XPS  studies  of  the  passivation  behavior  of  amorphous 
Fe-Cr-Mo-13P-7C  alloys  in  deaerated  stagnant  1  M  HCl  and  in  agitated  9  M 
HjSO^  open  to  air  led  to  the  following  results. 

1.  When  XPS  analysis  was  performed  just  after  the  specimen  was  polished  in 
cyclohexane,  chromium  was  enriched  in  the  air-formed  oxide  film  but  air 
exposure  of  the  specimen  polished  in  cyclohexane  led  to  preferential  oxidation 
of  iron  with  a  consequent  formation  of  a  film  in  which  the  ratio  of  chromium 
to  iron  was  almost  the  same  as  that  in  the  bulk  alloy. 

2.  The  formation  of  a  chromium-enriched  stable  passive  film  on  the  specimen 
exposed  to  air  for  a  longer  period  of  time  requires  prolonged  polarization  in 
comparison  with  the  specimen  polarized  just  after  polishing  in  cyclohexane. 

3.  After  XPS  analysis  was  made  without  air  exposure  for  the  specimen  polarized 
in  deaerated  1  M  HCl  at  -0.1  V(SCE)  for  5  h,  air  exposure  for  1  h  gave  rise  to 
about  a  10%  increase  in  the  film  thickness  due  to  preferential  air  oxidation  of 
iron. 

4.  When  the  specimen  was  washed  with  water  in  air  after  polarization  in  deaerated 
1  M  HCl  at  -0.1  V(SCE)  for  5  h,  phosphorus  was  dissolved,  and  subsequent 
drying  in  air  resulted  in  preferential  oxidation  of  iron. 

5.  When  the  Fe-8Cr-13P-7C  alloy  specimen  was  immersed  in  agitated  9  M 
HjSO^  open  to  air,  the  specimen  surface  was  initially  covered  with  a  cathodically 
active  protective  elemental  phosphorus  layer,  which  enhanced  the  formation 
of  a  chromium-enriched  passive  film  due  to  ennoblement  of  the  open-circuit 
potential. 

6.  When  the  Fe-8Cr-13P-7C  alloy  specimen  immersed  in  agitated  9  M  HjSO^ 
open  to  air  was  rinsed  with  water  in  air  and  dried  in  air,  oxidation  of  the 
elemental  phosphorus  layer  on  the  passive  film  occurred.  Whether  washing 
and  drying  was  done  during  air  exposure  or  without  air  exposure  did  not 
affect  the  ratio  of  chromium  to  iron  in  the  passive  film  below  the  elemental 
phosphorus  layer. 
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Figure  1.  Polentiodynamic  polarization  curves  of 
amorphous  Fe-8Cr-Mo-13P-7C  alloys  measured  with 
a  potential  sweep  rate  of  50  mV/min  in  deaerated  1  M 
HQ  at  30"C. 
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Figure  3.  Thickness  of  the  surface  film  (a)  and  cationic 
fraction  of  chromium  in  the  film  (b)  formed  on  the 
amorphous  Fe-8Cr-13P-7C  alloy.  Specimens  were 
those  just  after  polishing  in  cyclohexane  and  drying  ( 
O  at  0  h),  polarized  for  1  h  at  -0.1  V(SCE)  in  deaerated 
1  M  HCl  just  after  polishing  in  cyclohexane  and  drying 
(•  at  0  h),  exposed  to  air  for  40  h  after  polishing  in 
cyclohexane  (O  at  40  h),  and  polarized  for  1  h  at  -0.1 
V(SCE)  in  deaerated  1  M  HCl  after  exposure  to  air 
for  40  h  after  polishing  in  cyclohexane  (•  at  40  h). 


Figure  2.  Change  in  cationic  fraction  of  chromium  in 
the  surface  films  formed  on  the  amorphous  Fe-8Cr- 
13P-7C  and  Fe-8Cr-7Mo-13P-7C  alloys  at  -0.1  V(SCE) 
in  deaerated  1  M  HCl  as  a  function  of  polarization 
time*’. 
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Figure  4.  Initial  change  in  current  density  for 
amorphous  Fe-8Cr-Mo-13P-7C  alloys  as  a  function  of 
time  of  polarization.  Specimens  were  polarized  at 
-0.1  V(SCE)  in  deaerated  1  M  HCl  just  after  polishing 
in  cyclohexane. 
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Figure  5.  Ionic  fractions  in  the  film  formed  on  the 
amorphous  Fe-8Cr-Mo-13P-7C  alloys  as  a  function  of 
time  of  polarization.  Specimens  were  polarized  at 
-0.1  V(SC!E)  in  deaerated  1  M  HCI  just  after  polishing 
in  cyclohexane  and  drying. 


Figure  7.  Mo  3d  spectra  of  the  amorphous  Fe-8Cr- 
6M0-13P-7C  alloy  specimens  after  polarization  for  5 
h  at  -0.1  V(SCE)  in  1  M  HCI.  The  spectra  for  the 
metallic  state  in  the  underlying  alloy  were  subtracted 
from  the  observed  spectra.  After  polarization 
specimens  were  (a) :  washed  with  deaerated  water  in 
oxygen-free  nitrogen  and  dried  in  argon,  (b) :  exposed 
to  air  for  1  h  after  XPS  measurements  of  the  specimen 
(a),  (c) :  washed  with  water  in  air  and  dried  in  air. 


Figure  6.  Fe  2p  spectra  of  the  amorphous  Fe-8Cr- 
6MO-13P-7C  alloy  specimens  after  polarization  for  5 
h  at  -0.1  V(SCE)  in  1  M  HCI.  After  polarization 
specimens  were  (a)  :  washed  with  deaerated  water  in 
oxygen-free  nitrogen  and  dried  in  argon,  (b) :  exposed 
to  air  for  1  h  after  XPS  measurements  of  tte  specimen 
(a),  (c) :  washed  with  wafer  in  air  and  dried  in  air 
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Figures.  Cationic  fractions  estimated  by  XPS  analysis 
for  the  surface  films  on  the  amorphous  Fe-8Cr-6Mo- 
13P-7C  alloy  specimens  after  polarization  for  S  h  at 
-0. 1  V(SCE)  in  1  M  HCI.  The  XPS  analysis  was 
conducted  after  the  polarized  specimen  was  washed 
with  deaerated  water  in  oxygen-free  nitrogen  and  dried 
in  argon,  after  being  exposed  to  air  for  1  h  after  XPS 
measurements  of  the  above  specimen,  and  for  the 
specimen  washed  with  water  in  air  after  polarization 
and  dried  in  air. 
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Figure  9.  Change  in  the  open  circuit  potential  of  the 
amorphous  Fe-8Cr-13P-7C  alloy  immersed  in  agitated 
9  M  HjSO^  open  to  air  as  a  function  of  time  of 
immersion. 


Figure  10.  Cationic  fractions  in  the  surface  film  on 
the  amorphous  Fe-8Cr-13P-7C  alloy  immersed  in 
agitated  9  M  H^SO^  open  to  air.  The  XPS  analysis 
was  conducted  after  the  immersed  specimen  was 
washed  with  deaerated  water  in  oxygen-free  nitrogen 
and  dried  in  argon  (open  triangle)  and  aft^r  the 
immersed  specimen  was  washed  with  water  in  air  and 
dried  in  air  (solid  circle). 


1  •  ,  ,  .  . 

AglUttd-rlnsec!  lit  Nj  and  dried  tn  Ar 

f0-aCr-13P-7C 

P  2p  '■ 

i  • 

9M  HiSO,,3(fC 

i!  \l  /  \ 
u;  V. ■' 

S$ 

hi  i\-  _  \ 
H 

98  mAnvtM  v. 

^  _ 

48  mlnyl49 

-■';i  \  .'c 

M  minutes  ^  -  J 

I 

28  mfmitew 

.  •  / 

,  / 

18  minutes  ^  --f’ 

.  1 _ L_J - - 

130  110 

Binding  Energy  /  eV 


"5 

I 

c 


P  2p 


AgHMia-expoiid  to  Hr 


'■  '  \ 
iiA  'A\ 

I'l  V'  /  / 


Fl-aCr-13P-7C 
9M  HiSO,,3tfC 


SOmtnu$09 

4Omfnut0$ 


;/  '  / 


2Pmbty$g9  ~ 


lOminutgp 


i  / 


130  140 

Binding  Energy  /  eV 


Figure  11.  P  2p  spectra  for  the  amorphous  Fe-8Cr-13P-7C  alloy  immersed  for  various  periods  of  time  in 
agitated  9  M  H^SO^  open  to  air.  The  XPS  analysis  was  conducted  after  the  immersed  specimen  was  washed 
with  deaerated  water  in  oxygen-free  nitrogen  and  dried  in  argon  (a)  and  after  the  immersed  specimen  was 
washed  with  water  in  air  and  dried  in  air  (b). 
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Al^tract 

The  electrochemical  formation  of  passive  layers  on  Cu20Ni  and  CuSONi  in  1  M 
NaOH  has  been  examined  with  surface  analytical  methods  like  XPS,  UPS  and  ISS. 
First  a  NiiOHlj  layer  is  formed.  The  rapidly  growing  NiiOHlj  leads  to  an 
accumulation  of  Cu  at  the  metal  surface  which  causes  the  formation  of  an  oxide 
layer  \mderneath  consisting  mainly  of  CuO.  At  more  positive  potentials  NiO  enters 
the  oxide  sublayer.  CujO  appears  to  a  nunor  extent  at  the  metal/oxide  interface 
during  the  initial  stages  of  CuO  formatim  and  is  no  longer  detected  when  CuO 
grows  to  a  larger  thickness  at  sufficiently  positive  potentials.  In  the  potential 
range  of  the  beginning  transpassive  behaviour  the  top  NiCOH).^  layer  is  oxidized 
to  NiOOH  at  its  surface.  The  NiOOH  formation  leads  to  the  incorporation  of 
Cu(OH)2  in  the  hydroxide  overlayer.  This  transpassive  oxidation  causes  a  shift  of 
the  work  function  to  larger  values  as  determined  by  UPS  and  to  the  same  shift 
to  smaller  binding  energies  of  all  XPS  signals  of  oxide  constituents  similar  to 
previous  observations  for  pure  Ni  and  its  alloys.  The  passive  layer  on  Cu/Ni  alloys 
reflects  the  properties  of  both  metal  components. 

Key  Words:  Passivity,  Cu/Ni  Alloys,  XPS,  UPS,  ISS 

Introduction 

Cu/Ni  alloys  are  materials  which  are  highly  resistant  to  corrosion  in  aggressive 
aqueous  electrolytes  at  normal  and  elevated  temperatures.  These  alloys  are  used 
for  heat  exchangers  and  for  parts  exposed  to  sea  water  as  e.g.  in  the  ship  building 
industry  because  of  their  resistence  to  localized  corrosion.  Therefore  various 
publications  deal  with  their  corrosion  properties  in  sea  water  or  NaCl-containing 
electrolytes  and  at  elevated  temperatures  These  alloys  are  also  widely  used 
as  catalysts  for  hydrogenation  and  dehydrogenation  ’  ^though  technologically 
very  important,  very  little  is  known  about  the  protecting  passive  layers  and  the 
films  which  form  in  the  transpassive  range.  Therefore  a  systematic  investigation 
of  the  chemical  composition  and  structure  of  these  layers  has  been  started.  In  this 
paper  results  of  films  formed  in  1  M  NaOH  are  presented. 


(1)  Part  of  the  PhD  thesis  of  P.  Druska 
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Fig.  1  depicts  the  potentiodynamic  polarization  curves  in  1  M  NaOH  of  both  alloys 
for  a  better  understanding  of  the  surface  analytical  examinations.  They  show  the 
main  characteristics  of  pure  Ni  with  an  anodic  peak  at  E  =  -  0.5  V  indicating  the 
passivation  of  the  alloys  and  a  peak  at  E  =  +  0.7  V  characteristic  for  the 
transpassive  behaviour  of  Ni. 


Experimental 

Specimen  preparation.  The  surface  anal3rtical  studies  were  performed  with  an 
Escalab  200  X  (Fisons/VG  Instruments)  consisting  of  3  vacuum  chambers,  the 
analyser,  the  preparation  chamber  and  the  fast  entry  lock.  A  fourth  chamber  was 
flanged  to  the  lock  where  the  electrochemical  preparation  was  performed  in  a  small 
vessel  of  ca.  2  cm^  content.  All  electrolytes  were  Ar  purged  and  could  be  introduced 
via  appropriate  feedthroughs.  The  electrochemical  chamber  could  be  filled  with 
ptirified  Ar  and  evacuated.  Thus  a  specimen  preparation  and  transfer  without  any 
air  contact  could  be  realized.  The  performance  was  routinely  checked  with 
standard  procedures  as  the  exposure  of  pure  metals  like  Fe,  without  major  oxide 
formation.  Appropriate  electrical  feedthroughs  and  an  electrol3rtical  contact  to  a 
reference  electrode  form  the  potentiostatic  circuit.  A  detailed  description  of  the 
UHV  system  and  its  performance  is  given  in  detail  elsewhere  * 

The  Cu/Ni  alloys  were  melted  from  99.99%  pure  metals,  mechanically  treated  and 
heat-treated  to  obtain  void-free  single  phase  materials.  Circular  specimen  with  a 
sharp  edge  were  cut  from  the  material.  They  were  fixed  to  the  specimen  stub  of  the 
spectrometer  with  a  3  mm  wide  adherent  cylidrical  support  with  a  thread.  The 
circular  front  plane  was  polished  with  diamond  spray  with  a  1  pm  final  grading 
and  cleaned  ultrasonically  in  ethanol.  Any  ftirther  treatment  occured  within  the 
closed  system  without  any  air  contact.  The  surface  was  first  sputtered  with  Argon 
(AG21,  VG  Instruments,  4  keV,  20  pA,  5  min)  and  then  introduced  into  the 
electrolyte  at  open  circuit  potential.  Then  the  selected  electrode  potential  was 
applied  for  the  passivation  time  of  choice.  For  short  time  passivation  transients 
of  t  <  10  s  the  specimen  was  introduced  at  E  =  -  0.96  V  for  10  min  and  finally 
pulsed  to  the  potential  in  the  passive  range.  For  long-term  passivations  a  previous 
reduction  was  not  necessary  and  led  to  the  same  results  which  was  carefully 
controlled.  After  passivation  the  surface  was  rinsed  4  times  with  pure  water. 
Remaining  adherent  water  was  blown  off  with  a  jet  of  argon.  The  subsequent 
transfer  to  the  UHV  of  the  analyser  chamber  occured  within  ca  5  min. 

A  potentiostat  (Elektroniklabor  W.  Schiller)  equipped  with  a  function  generator 
and  pulse  generators  (Tektronix  26G)  was  used.  All  electrolytes  were  prepared 
with  analjftically  piu-e  substances  and  with  deionized  water  (Millipore  water 
purification  system).  Hg/HgO/1  N  NaOH,  E  =  0.14  V  served  as  a  reference 
electrode.  All  potentials  are  given  relative  to  the  standard  hydrogen  electrode 
(SHE). 

Surface  Analysis.  The  XPS  measimements  were  performed  with  a  constant 
pass  energy  of  20  eV.  The  X  ray  source  was  run  with  the  non-  monochromatized 
A1  K„  radiation  (1486.6  eV)  with  an  input  power  of  300  W.  The  spectrometer  was 
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calibrated  routinely  with  the  appropriate  XPS  lines  of  Au,  Ag  and  Cu  as  given  in 
ref  11. 


UPS  measurements  were  performed  with  the  He-I-line  (E  =  21.22  eV)  of  a  UV 
source  (UVS  10/35,  Leybold  Heraeus)  with  a  discharge  current  of  90  mA,  a  pass 
energy  of  3  eV  and  a  negative  specimen  bias  of  10  V. 

For  ISS  measurements  a  scannable  ion  source  (EX  05,  VG  instnunents)  was  used 
with  a  Ne  beam  of  3  keV  primaiy  energy.  For  sputtering  a  larger  window  of  0.75 
cm^  with  an  ion  current  of  300  nA  was  used  equivalent  to  0.0624  nm/min.  For  ISS 
analysis  30  nA  and  0.15  cm^  equivalent  to  0.0312  nm/min  were  applied.  The  two 
different  windows  prevented  the  crater  effect  during  depth  profiling.  The  sputter 
effect  during  the  ISS  measurement  period  was  included  in  the  evaluations.  Sputter 
rates  are  given  relative  to  that  of  TaaOg  with  0.104  nm/min  formed  by  anodic 
oxidation  of  Ta  according  to  the  procedure  of  ref  12.  The  size  of  the  sputter 
windows  was  controlled  by  the  colour  changes  of  anodized  Ta  specimen  after 
prolonged  sputtering. 

Standards.  The  XPS  spectra  were  evaluated  on  the  basis  of  well- 
characterized  standards.  The  preparation  of  Ni  standards  as  Ni^g^,  NiO,  NifOH)^, 
and  NiOOH  has  been  described  in  detail  elsewhere  Comparison  with  the 
standard  spectra  prepared  from  Ni/Cu  alloys  with  the  same  methods  did  not  show 
any  appreciable  differences.  Similar  results  are  obtained  for  Cu.  Therefore  the 
standards  for  the  pure  metals  and  the  pure  compounds  could  be  used  for  the 
evaluations  instead  of  those  from  the  alloys.  Pure  Cu  was  obtained  by  10  min  Ar 
sputtering.  Cu(I)oxide  was  obtained  by  external  electrochemical  reduction  of  an 
alkaline  CuO^’^'  solution  in  5  M  NaOH  A  5  min  cathodic  reduction  in  1  M 
NaOH  at  E  =  -0.235  V  and  its  transfer  into  the  UHV  within  the  closed  S3rstem 
removes  traces  of  CudDoxide  formed  during  sample  transfer  through  air.  A  CuO 
standard  was  obtained  by  5  min  heating  of  Cu  at  800  ”C  in  air  and  the  immediate 
transfer  into  the  UHV.  Cu(OH)2  was  prepared  by  precipitation  from  a  0.1  M  CUSO4 
solution  added  slowly  to  5  M  NaOH.  The  light  blue  precipitate  was  filtered,  washed 
with  pure  water  and  transferred  immediately  into  the  UHV  to  avoid  its 
transformation  into  black  CuO.  The  dry  light  blue  CufOHlg  powder  is  stable  for 
several  days  even  in  air.  Cu  compounds  may  be  reduced  during  X  ray  radiation 
Prolonged  radiation  of  several  horn's  may  lead  finally  even  to  Cu  metal.  The 
correction  of  the  CudDhydroxide  signal  from  amoimts  of  CU2O  formed  during  XPS 
studies  may  be  performed  with  the  help  of  the  CugO  standard  spectra.  For  CuO 
this  procedure  was  not  necessary  because  the  amount  of  CujO  formed  during  ca 
20  min  X  ray  radiation  was  negligible  for  both  the  standard  and  the  passivated 
specimen.  For  the  Cu( OH  >2  standard  the  correction  was  necessary  as  may  be  seen 
in  Fig.  2b.  Apparently  the  hydroxide  is  less  stable  to  decomposition  even  in  this 
regard.  New  Cu(OH)2  surfaces  may  be  obtained  rather  simply  by  removal  of  some 
changed  material  at  the  surface  with  tape.  The  OH,  and  O^'  signals  were  taken 
from  the  corresponding  oxide  and  hydroxide  standards.  Fig.  2  depicts  the  XPS 
spectra  of  the  different  standards  which  are  the  basis  for  further  evaluations, 
/dler  backgrotmd  correction  according  to  Shirley  tbe  standard  spectra  are 
described  with  Gauss/  Lorenzians  with  a  tail  function  to  take  care  of  the 
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as3fmmetry  of  the  XPS  signals.  Fig  2  shows  this  deconvolution  for  the  different 
species.  Reference  14  gives  the  mathematical  description  and  the  related 
parameters.  An  appropriate  program  MFIT  developped  in  our  group  permits  the 
handling  of  the  standard  spectra  and  the  processing  of  the  data  of  passive  layers 
including  a  least  square  fit  routine. 

For  the  evaluation  of  the  contribution  of  Cu  species  the  Cu  XPS  signals  requires 
some  special  treatment.  In  the  presence  of  Cu(II)  the  background  correction 
according  to  Shirley  is  too  large  because  of  the  presence  of  the  pronounced  shake 
up  satellite.  To  avoid  erroneous  results  a  linear  backgroimd  correction  was 
performed  in  this  special  case.  Furthermore  Cu  metal  and  Cud)  species  cannot  be 
distinguished  by  the  Cu2P3;.2  signal  because  of  a  negligibly  small  chemical  shift.  For 
this  purpose  the  X-ray  induced  Cu  L3MM  Auger  signal  was  used.  This  signal  has 
been  used  prev’  usly  for  quantitative  determination  of  CU.2O  on  Cu  **.  It  is 
relatively  compL^ated  and  the  description  of  each  pure  Cu  standard  needs  4  peaks 
with  related  requirements  to  the  MFIT  program  (Fig.2).  The  contribution  of  the 
Cu(II)  species  to  the  Auger  signal  was  estimated  on  the  basis  of  the  Cu2p3/2  signal. 
Its  Auger  peak  is  relatively  broad  and  thus  less  characteristic  and  may  lead  to  a 
larger  error. 

Data  Evaluation.  Any  XPS  signal  of  an  actual  passivated  specimen  surface 
was  deconvoluted  into  the  contributions  of  the  different  species  on  the  basis  of  the 
standard  spectra.  For  this  purpose  the  characteristic  data  of  the  standard  signals, 
especially  the  relative  sizes  of  the  peaks  were  kept  constant  and  the  their  total  size 
was  varied  to  meet  the  actual  signal  with  a  least  square  fit  routine  of  the  MFIT 
program.  The  integrated  intensity  of  the  partial  peaks  of  the  components  was  used 
for  further  evaluation.  Fig  3  gives  an  example  of  this  procedure  for  the  signals 
which  are  relevant  to  this  study. 

A  similar  evaluation  was  applied  to  the  ISS  spectra.  The  width  of  the  signal  is 
determined  by  the  isotopic  composition  of  the  probe  gas  Ne  as  well  as  the  target 
atoms.  Thus  the  signal  of  pure  standards  was  composed  of  simple  Gaussians  with 
a  minor  Lorenzian  contribution  for  each  isotopic  combination.  The  peak  parameters 
of  the  standards  were  kept  constant,  especially  their  relative  heights,  and  the  total 
height  was  adjusted  to  meet  the  spectnun  of  an  actual  specimen.  Fig.  4  shows  the 
deconvolution  of  the  ISS  signals  for  Cu  and  Ni  and  Fig.  5  depicts  characteristic 
signals  of  a  sputter  depth  profile  of  a  passive  layer  indicating  the  variation  of  the 
composition  by  the  related  change  of  the  peak  areas.  The  sputter  depth  in  nm 
refers  again  to  the  calibration  with  passivated  Ta  according  to  ref  12. 

Results  and  Discussion 

Model  of  Laver  Structure.  Usually  the  passive  layer  has  not  a  simple 
structure.  At  least  a  duplex  film  is  discussed  in  the  literature  for  different  reasons. 
Strong  support  of  this  model  is  given  by  surface  analytical  methods.  Besides  other 
groups  we  have  studied  with  XPS  and  partially  with  ISS  passive  layers  of  a  large 
number  of  pure  metals  as  Fe  ^  Cr  Ni  Cu  and  their  binary  alloys 
Fe/Ni  Fe/Cr  Cr/Ni Al/Cu  The  evaluation  of  the  XPS  data  is 
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performed  on  the  basis  of  a  duplex  or  multilayer  model.  Any  model  has  to  be 
justified  by  appropriate  measurements.  Therefore  we  have  performed  angular 
dependent  XPS  measurements.  Fig.6  presents  a  sequence  of  the  intensity  ratios  of 
the  different  species  depending  on  the  take  off  angle  0  measured  relative  to  the 
surface  normal.  All  intensity  ratios  are  normalized  for  0  =  0  deg.  The  curves 
correspond  to  the  appropriate  relations  for  the  intensity  ratios  Similar 
evaluations  were  performed  in  our  group  for  passive  layers  on  Cr/Ni  alloys  The 
upward  bending  in  Fig.  6  shows  clearly  that  the  species  whose  intensity  appears 
in  the  numerator  is  located  outside.  The  close  fit  of  the  experimental  values  to  the 
calculation  proves  the  existence  of  a  multilayer  structure  and  a  negligible  influence 
of  the  possible  surface  roughness  which  usually  leads  to  a  flattening  of 
presentations  of  the  type  of  Fig  6.  On  the  basis  of  this  examination  one  comes  to 
the  conclusion  of  Fig.  7  for  the  layer  structure.  The  inner  oxide  is  covered  by  an 
outer  hydroxide.  The  lower  valent  species  are  in  the  inner  part  of  each  sublayer. 
This  leads  to  a  further  subdivision  of  both  the  oxide  and  the  hydroxide.  The  higher 
valent  species  appear  only  at  sufficiently  positive  potentials  within  the  film.  The 
contribution  of  the  different  sublayers  to  the  total  ffim  thickness  depending  on  the 
electrode  potential  are  given  in  the  upper  part  of  Figs.  8  a,b  for  both  alloys  Cu20Ni 
and  CuSONi. 

On  the  basis  of  this  model  a  quantitative  evaluation  of  the  XPS  results  is 
performed  similar  to  the  procedures  and  equations  described  previously  The 
intensity  rations  for  this  model,  contain  attenuation  factors  of  overlayers  and  self 
attenuation  factors  for  each  sublayer.  There  exists  a  sufficient  number  of  equations 
for  the  intensity  ratios  and  the  trivial  equations  for  the  weight  fractions  of  the 
oxide  and  metal  surface  to  get  a  solution  for  each  of  the  unknowns,  i.e.  the 
thicknesses  of  the  sublayers  and  their  composition.  The  evaluation  involves  the 
values  of  Scofield  for  the  photoioniosation  cross  sections  a  with  an  appropriate 
correction  according  to  Reilman  et  al  The  sensitivities  for  the  Cu  2P3;2  signal 
may  be  related  empirically  to  those  of  the  X-ray  induced  Cu  L3MM  Auger  signal 
with  well  known  standards,  so  that  the  data  evaluation  may  involve  also  the  Auger 
line  for  a  quantitative  evaluation.  One  obtains  the  thicknesses  and  the 
compositions  of  the  complicated  multilayer  structures. 

Potential  Dependence  of  Laver  Composition.  Apparently  hydroxide  is  the 
major  part  of  the  surface  layer  at  negative  potentials  and  oxide  at  more  positive 
potentials.  The  CugO  contribution  is  found  in  an  intermediate  potential  range  of 
E  =  -0.1  to  0.7  V  whereas  NiOOH  forms  at  E  >  0.5  V.  The  composition  of  the 
partial  layers  changes  in  a  characteristic  way  with  potential  (Fig.  8  a,  b).  The 
metal  surface  is  enriched  in  Cu  with  increasing  potential  i.e.  with  the  growth  of 
the  passive  layer.  This  result  reflects  the  enrichment  of  the  layer  with  the  more 
reactive  Ni  leaving  Cu  metal  behind.  At  lower  potentials  the  developping  inner 
oxide  contains  mainly  Cu  oxide.  NiO  enters  only  for  E  >  0  V.  In  contrast  the 
hydroxide  overlayer  containing  mainly  Ni(OH).2  and  CufOHla  begins  only  for  E  > 
0.5  V.  According  to  these  results  the  alloy  forms  first  a  NKOHlj  layer.  The  related 
increase  of  the  Cu-content  at  the  metal  surface  causes  the  formation  of  mainly 
CuO  at  sufficiently  positive  potentials.  Only  in  the  potential  range  of  E  =  -0.1  to 
0.7  V  a  thin  film  of  CuaO  is  formed  directly  at  the  metal  surface.  When 
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approaching  the  transpassive  range,  oxide  and  hydroxide  reach  a  plateau  value  in 
thickness.  The  disappearence  of  Cu-^O  i.e.  its  oxidation  to  CuO  accompanies  the 
oxidation  of  Ni(OH)2  to  NiOOH  at  ca  0.5  to  0.8  V.  The  potentials  have  to  be 
sufficiently  positive  to  get  the  higher  valent  species.  At  E  >  0.5  V  CuCOHlj  also 
enters  the  hydroxide  layer. 

The  oxidation  process  of  NiCOHlj  to  NiOOH  in  the  vicinity  of  the  transpassive 
behaviour  may  be  followed  by  the  chemical  shift  of  all  XPS  signals  of  oxide 
components  to  smaller  binding  energies.  A  related  observation  is  the  increase  of 
the  work  function  by  0.5  eV  as  obtained  from  UPS  spectra  (Fig.9)  which  results  in 
an.  appropriate  shift  of  the  secondary-cut-off  of  the  photoelectrons.  The 
interpretation  is  similar  to  for  the  case  of  pure  Ni  and  Ni  alloys  According 

to  a  simple  semiconductor  model  of  the  passive  layer  the  increasing  band  bending 
leads  finally  to  a  crossing  of  the  valence  band  with  the  Fermi  level.  This  introduces 
a  large  number  of  positive  holes  which  act  as  a  dopant  leading  finally  to  a  decrease 
of  the  Fermi  level.  As  the  binding  energies  and  the  work  function  are  given 
relative  to  the  Fermi  level  this  leads  to  a  shift  of  both  quantities  by  the  same 
amount  but  with  opposite  sign.  The  formation  of  NiOOH  in  the  transpassive 
potential  range  is  an  alternative  picture  to  the  accumulation  of  positive  holes  or 
of  acceptor  levels.  Fig  9  c  depicts  the  increase  of  the  work  function  by  0.5  eV  as 
obtained  from  the  UPS-spectra  of  Fig.  9  a.  A  negative  bias  ensures  the  total 
acceptance  of  the  secondary  electrons.  The  energy  difference  AE  between  the 
secondary-cut-off  and  the  Fermi  edge  yields  the  work  function  eO  according  to  the 
relation  AE  =  hv  -  e<I>  (Fig.  9b). 

The  ISS  depth  profile  of  passivated  specimens  matches  nicely  the  XPS  results 
obtained  by  evaluation  on  the  basis  of  the  bilayer  structure.  ISS  cannot  distinguish 
beween  the  valence  states  of  the  atoms.  Therefore  a  further  subdivision  of  the 
oxide  and  hydroxide  is  not  possible.  Fig.  10  shows  the  profiles  for  three  passivation 
potentials  of  Gu20Ni  together  with  the  related  XPS  results.  With  Ne  as  the  probe 
gas  one  cannot  get  backscattering  of  the  lighter  oxygen.  Thus  one  cannot  measure 
the  0-content  and  only  the  cationic  fractions  Xc^  of  Cu  are  shown.  At  E  =  -0.16  V 
a  large  Ni(OH).2  layer  covers  a  very  small  oxide  with  high  Cu  content  (Fig.Sa).  In 
agreement  one  obtains  a  large  thickness  with  a  very  small  Cu  content  with  both 
analytical  methods.  The  very  thin  Cu-oxide  layer  underneath  is  indicated  only  by 
a  shoulder  in  the  Xc„  profile.  Sputter  artifacts  like  ion  mixing  may  reduces  the 
depth  resolution.  The  bulk  level  with  X^u  =  0.8  is  reached  at  the  expected  depth. 
The  relatively  large  scatter  of  the  data  of  the  metal  surface  is  due  to  the  small  ISS 
signals.  This  is  a  consequence  of  the  relatively  large  neutraliation  probability  of  the 
noble  gas  ions  at  a  backscattering  metal  surface  relative  to  an  oxide  surface  with 
insulating  or  semiconducting  properties.  At  E  =  0.44  V,  well  within  the  passive 
range  one  detects  clearly  both  layers  with  the  ISS  depth  profile.  The  Cu  content 
is  still  low  in  the  hydroxide  part  in  agreement  with  the  XPS  results.  A  larger 
content  immediately  at  the  surface  might  reflect  some  adsorption  of  Cu(II)  species 
which  may  be  dissolved  in  the  first  moment  of  the  passivation  transient.  Its  true 
nature  remains  however  still  imcertain.  It  is  detected  also  for  passivations  in  the 
transpassive  range.  The  composition  of  the  oxide  part  agrees  extremely  well  with 
the  XPS  data  (Fig.  10b).  The  layer  model  also  agrees  with  the  partial  thicknesses 
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obtained  by  both  methods.  Fig.  10c  with  a  passivation  at  E  =  0.89  V  refers  to  a 
potential  within  the  transpassive  region.  In  this  situation  the  oxide  layer  is  thicker 
than  the  hydroxide  and  an  appreciable  Cu  content  has  entered  the  hydroxide  part 
whereas  Ni  is  incorporated  within  the  oxide  part  thus  reducing  its  Cu  content  to 
Xcu  =  0.6.  In  conclusion,  ISS  depth  profiles  reflect  qualitatively  and  quantitatively 
the  evaluation  of  the  XPS  results  and  thus  further  justify  the  bilayer  structure. 
XPS  however  yields  additional  information  for  further  subdivision  into  a  total  of 
4  partial  layers. 

Time  Dependence  of  Laver  Composition.  The  results  of  time-  dependent 
investigations  are  very  close  to  those  in  the  potential  domain.  It  is  a  general 
observation  that  lower  valent  species  appear  first  and  will  be  oxidized  later  as  has 
been  shown  for  the  case  of  passive  Fe  and  Fe/Cr  alloys  *  **.  Fig  11  gives  an  example 
for  Cu20Ni  at  two  characteristic  potentials,  i.e.  in  the  passive  and  in  the 
transpassive  range.  The  total  thickness  increases  linearly  with  the  logarithm  of 
time  indicating  the  presence  of  a  barrier  type  of  film.  The  hydroxide  layer  forms 
first  and  is  already  present  within  1  ms.  It  takes  about  10  to  100  ms  to  form  the 
first  oxide.  Cud)-  and  Cu(II)-oxide  are  observed  simultaneously  within  the  oxide 
layer  at  E  =  0.44  V  (Fig.lla).  At  E  =  0.89  V  Cu(I)-oxide  appears  only  for  a  short 
time  to  a  very  low  level  and  is  oxidized  completely  to  Cu(II)  (Fig.  11b).  Ni  enters 
the  oxide  within  ca.  0.1  s  at  both  potentials.  At  0.44  V  the  hydroxide  consists  of 
Ni(OH)2.  At  E  =  0.89  V  CufOHlj enters  within  0.1  to  1  s  (Fig.llb)  and  reaches 
within  10  s  the  level  of  NKOHlj  Very  characteristic  is  the  formation  of  Ni(OH)2 
within  the  first  0.1  s  and  its  disappearence  within  ca  100  s.  Simultaneaously  the 
NiOOH-containing  film  is  formed  which  incorporates  large  amounts  of  Cu(OH)2  up 
to  an  equal  content  of  botii  hydroxides.  At  E  =  0.44  V  no  NiOOH  is  formed.  The 
metal  surface  accumulates  Cu  which  is  a  consequence  of  a  preferential 
incorporation  of  Ni  into  the  passive  layer.  The  results  for  CuSONi  are  similar.  The 
lower  Cu  content  prevents  its  incorporation  into  the  hydroxide  layer  and  Ni^*  is 
transferred  into  the  oxide  part.  In  the  transpassive  range  NifOHjg  forms  within  1 
ms  to  its  maximum  thickness  and  is  continuously  oxidized  to  NiOOH  at  shorter 
times  due  to  the  higher  Ni  content. 

Reduction  of  the  Passive  Laver.  The  reduction  of  the  layers  at  decreasing 
potentials  reverses  the  oxide  formation  with  electrode  potential  (Fig.  12).  NiOOH 
is  reduced  to  Ni(OH)2in  the  range  of  E  =  0.9  to  0.3  V.  CujO  appears  below  0.6  V 
and  at  E  =  -0.7  V  most  of  the  oxide  has  disappeared.  The  polarization  curves  of  Fig 
1  show  a  reduction  peak  in  the  range  of  E  =  0.8  to  0.5  V  where  the  NiOOH  to 
Ni(OH)2  transition  occurs.  The  reduction  of  Cu-oxides  and  the  related 
disappearence  of  the  oxide  layer  coincides  with  the  cathodic  currents  at  E  <  0.4  V. 
The  lack  of  a  pronounced  reduction  peak  agrees  with  the  larger  potential  range 
where  this  reaction  occurs. 


Conclusion 

Oxide  formation  in  1  M  NaOH  on  Cu/Ni  alloys  reflects  the  specific  properties  of 
both  elements.  At  negative  potentials  or  short  times  of  passivation  Ni(OH)2  is 
formed  first.  This  process  leads  to  an  increase  of  Cu  at  the  metal  surface,  which 
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causes  finally  the  formation  of  an  oxide  layer  consisting  mainly  of  Cu-oxides.  This 
in  turn  permits  the  incorporation  of  NiO  into  the  already  existing  inner  oxide 
layer.  However,  the  depletion  of  Ni  at  the  metal  surface  remains  independent  of 
the  potential  and  time  for  the  later  stages  of  oxidation.  Cu  forms  first  Cu^O.  At 
sufficiently  long  times  and  positive  potentials  of  passivation  CU2O  is  oxidized 
completely  to  CuO/CuCOH)^.  This  behaviour  is  different  from  pure  Cu  where  a 
duplex  Cu20/Cu0,Cu(0H).2  structure  is  observed  up  to  the  potentials  of  the  start 
of  transpassive  behaviour.  Ni(OH).2is  oxidized  to  NiOOH  as  has  been  foimd  for 
pure  Ni  and  other  Ni  alloys.  This  oxidation  is  facilitated  with  increasing  Ni  content 
within  the  alloy.  Also  CufOHljis  incorporated  in  the  hydroxide  overlayer.  For  E  > 
0.8  V  and  Cu20Ni  2/3  of  Ni(OH).2is  oxidized  whereas  for  Cu50Ni  the  total  amount 
has  been  changed  to  NiOOH.  The  oxide  reduction  occurs  with  an  opposite  sequence 
similar  to  its  formation.  The  changes  with  potential  are  similar  to  those  with  time. 

This  investigation  shows  that  the  electrochemical  processes  during  oxide  formation 
and  reduction  may  be  studied  with  surface  analysis.  The  related  changes  may  be 
followed  qualitively  and  quantitatively  by  combining  electrochemical  and  surface 
analytical  methods.  Thus  the  application  of  both  disciplines  give  us  a  much  better 
insight  into  the  structure  and  the  chemical  properties  and  reactivity  of  passive 
layers.  Not  many  systems  have  been  studied  in  detail  with  a  well-characterized 
electrochemical  specimen  preparation  with  a  systematic  variation  of  the  different 
parameters.  We  think  that  investigations  of  a  similar  kind  should  be  performed 
with  other  binary  and  later  with  more  complex  alloys  to  learn  not  only  about  the 
stationary  composition  of  surface  films  but  also  about  their  changes,  their 
formation  kinetics  and  their  reactivity.  This  will  help  to  improve  the  interpretation 
of  electrochemical  studies. 
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Fig.  1 :  Potentiodynamic  polarization  curves  of 
(a)  Cu20NI:  (b)  CuSONi  in  1  M  NaOH 
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Fig.  2a:  Peak  deconvolution  of  the  Ni  2p3/2  XPS  signal 
of  nickel  and  the  nickel  oxide/hydroxides 
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Fig.  2b:  Peak  deconvolution  of  the  Cu  2p3/2  XPS  signal 
and  the  x-ray  Induced  Cu  L3MM  signal  of  copper  and 
the  copper  oxide/hydroxides 
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Fig.  2c:  Peak  deconvolution  of  the  O  1s  XPS  signal 
of  oxide  and  hydroxide 
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Fig.  3:  XPS  signals  of  Cu20Ni  passivated  in 
1  M  NaOH  for  300  s  at  0.54  V  [SHE]  and  the 
deconvolution  with  standards  depicted  in  Fig.  2 
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Fig.  5:  ISS  signals  of  Cu20Ni  passivated  in  1  M  NaOH 
for  300  s  at  0.89  V  [SHE]  after  seven  characteristic 
sputter  times  of  the  depth  profile  depicted  in  fig.  10 
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Fig.  6:  Measured  {  •  )  and  calculated  ( — ) 
angle  resolved  XPS  signal  intensities  of  Cu20Ni  in 
1  M  NaOH  for  300  s  at  0.89  V  [SHE] 
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Fig.  7:  Passive  layer  model  of  Cu/Ni  alloys  in  1  M  NaOH 
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Fig.  8a:  Thickness  and  composition  of  Cu20Ni  in 
1  M  NaOH  for  300  s  at  different  potentials 
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Fig.  9:  UP  spectra  of  CuSONi;  (a)  secondary  cut  off  of 
CuSONi  polarized  at  different  potentials  in  1  M  NaOH 
for  300s;  (b)  sputtered  alloy  with  Fermi  edge,  aE  and 
sec.  cut  off;  (c)  change  of  the  work  function  deduced 
from  the  width  aE  of  the  UP  spectrum  vs.  the 
passivation  potential  E 
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Fig.  1 0:  ISS  (  •  )  and  XPS  ( - )  depth  profile  of 

Cu20Ni  in  1  M  NaOH  for  300  s  at  three  potentials 
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Fig.  1 1  a:  Time  dependence  of  the  thickness  and 
composition  of  the  passive  layer  of  Cu20Ni  in 
1  M  NaOH  for  300  s  at  0.44  V  [SHE]]. 
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Fig.  11b:  Time  dependence  of  the  thickness  and 
composition  of  the  passive  layer  of  Cu20Ni  in 
1  M  NaOH  for  300  s  at  0.89  V  [SHE]. 
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Fig.  12:  Thickness  and  composition  of  Cu20Ni  in 
1  M  NaOH  for  300  s  at  0.89  V  [SHE]  and  the 
gradual  reduction  down  to  -0.76  V  [SHE] 
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Later  Ramm  and  X-ny  ScaBering  Siucies 
of  Correaion  Rbna  on  Malale 
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TechrK)iogy  Divisions 
^gonne.  IL  60439,  USA 

Abstieet 

Optical  spectroscopic  and  X-ray  scattering  techniques,  coupled  wMh  elecirochemical  methods,  am 
among  the  most  useful  in  probing  the  structure  otgbffp^  fBms  on  metals  in-situ  in  aqueous 
environments.  Laser  Raman  spectroscopy  has  bib#^eirh|)k)yed'in  our  Laboratory  for  a  number 
of  years  .to  investigate  the  composition  of  surface  films  on  metals  Bke  iron,  nickel,  chromium,  and 
stainless  steel.  We  Hlustrate  our  work  by  presenting  some  results  of  sludtes  of  the  composilion 
of  the  passive  film  on  nickel,  usirtg  surface  ertoanced  Raman  scattering  (SERS)  wito  an 
electrodeposited  sflver  overlays.  We  ftod  that  both  oxide  and  hydroxide  spe^  are  present  on 
the  surface  of  Ni  in  the  passive  region.  We  also  demonstrate  the  utHty  of  specular  X-ray  reflection 
in  providing  complementary  kifonnation  on  the  physical  structure  of  passivated  metal  surfaces. 
The  thickness  of  the  corrosion  films  formed,  the  density  of  surface  taqtors,  and  the  developmeni 
of  surface  arto  interface  roughness  on  Cu  electrodes  have  been  quantitatively  nxMiHored  in-sllu 
as  a  funcUon  of  potenttal  for  the  first  time. 

1.  Laser  Raman  Spectroscopy  of  Surtace  Rms  on  Metals 

A  technique  that  is  employed  in  our  laboratory  to  probe  the  structure  of  electrode  surfaces 
iri-situ  is  Raman  spectroscopy,  in  particular,  normal,  resonance  enhanced,  or  surface  enhanced 
Raman  spectroscopy  (SERS).  Significant  information  on  the  compo^on  of  conodon  fBms  on 
metals  has  been  obtained  by  this  technique.^^  The  sttucture  of  adsorbed  layers  has  also  been 
extensively  stude^  maiiiiy  ^  SERS.^  We  have  recently  reviewed  the  former  applic^ion  and 
refer  the  interested  reader  to  this  work^^  and  toe  references  quoted  therein  for  detdis  of  the 
technique  and  applications.  We  wOl  briefly  iliustrate  here  toe  general  principles  involved  fay 
describing  results  which  we  have  recently  obteiined  on  the  composition  of  the  passive  films  on  ffi 
in  aqueous  solutions. 

A.  Experimental 

A  schematic  dteigram  of  the  experknental  setup  is  shown  in  Fig.  1.  TNs  setup 
includes  a  spedai  spectroelectrochemicai  ceil  consisting  of  three  Separate  compartments  to  house 
the  electrodes.  The  metal  to  be  studed  is  made  toe  working  electrode  and  is  positioned  very 
dose  (-*1  mm)  to  toe  quartz  optical  window  of  the  ceR.  The  laser  beam  is  drected  at  about  30* 
with  respect  to  the  window  (and  electrode  surface),  and  the  scattered  light  is  collected  and 
analyzed  using  a  SPEX  Irtou^es  model  1403  double  rrtonochromator.  Detection  is  made  using 
a  photomultiplier  tube  with  pdse  counting  electronics. 

High  purity  Ni  foils  (0.318-cm  wide  x  0.254-mm  thick)  were  polished  with  600  grit  emery 
paper  and  then  deaned  thoroughly  with  acetone  and  high  purity  water.  Raman  spectroscopic  and 

electrochemical  measurements  were  carried  out  as  a  fund^  (X  solution  pH  and  applied  electrical 
potential.  Because  of  the  thinness  of  the  passive  fitin  on  Ni  (<  20  A)  and  its  low  Raman  scattering 
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crosssection,  it  was  necessary  to  use  the  technique  of  surface  enhancement  This  was  done  by 
electrodeposition  of  a  silver  ovetlayer  on  the  Ni  surface  by  a  procedure  that  has  been  descrtt)ed 
previously.^  Scanning  electron  microscopic  study  of  the  deposited  silver  shows  an  average 
particle  size  on  the  order  of  500  to  1000  A  with  only  partial  coverage  of  the  Ni  surface.^) 

B.  Resuits  and  Discussion 

Fig.  2  shows  the  current-potential  behavior  of  Ni  in  0.1  M  NaOH  solution  (pH  12) 
and  the  effect  of  the  Ag  overlayer  on  the  electrochemical  behavior.  The  anodic  dissolution 
behavior  with  or  without  the  Ag  overiayer  is  essentially  the  same;  the  higher  cathodic  current  at 
about  -0.4  V  with  the  Ag  overiayer  is  due  to  the  catalytic  activity  of  Ag  towards  the  reduction  of 
dissolved  Oj.  The  anode  peak  (1)  at  ~OJ25  V  and  the  cathodic  one  (2)  at  -0.2  V  are  due  to  the 
anode  oxidation  and  reduction  of  the  Ag,  respectively.  Peaks  I  and  11  are  due  to  oxidation  of 
nickel  leading  to  the  formation  of  surface  films,  which  were  identified  by  SERB  as  discussed 
below. 


Fig.  3  shows  in-situ  SER  spectra  of  the  surface  film  on  Ni  as  a  function  of  potential. 
Following  the  electrodeposition  of  silver  and  prede^ing  of  the  electrode  at  -1 .3  V  for  15  minutes, 
we  obtained  an  in-situ  spectrum  of  the  surface  on  holdng  the  potential  at  -1.0  V  for  1  hour  (Fig. 
3a).  The  absence  of  a  discernible  Raman  band  indcates  that  initially  the  surface  is  relatively  free 
of  oxide  or  hydroxide  films  at  this  potential.  On  increasing  the  potential  to  -0.8  V  (in  the  so-called 
prepassive  region,  Fig.  2),  a  band  at  about  450  cm*^  starts  to  appear,  indicating  the  formation  of 
a  surface  film.  This  band  is  assigned  to  the  Ni-OH  vibration  of  Ni(OH)2,  in  accordance  with  the 
work  of  DeSilvestro  et  al.^\  who  have  extensively  studed  the  SER  spectra  of  Ni(OH)2  prepared 
by  cathodic  deposition  on  a  roughened  gold  electrode.  Further  confirmation  of  the  correctness  of 
this  assignment  is  the  obsen/ation  of  the  OH  stretdiing  vibration  of  Ni(OH)2  at  about  3630  cm'\ 
as  shown  in  Rg.  4a  to  4c. 

On  scanning  the  potential  further  and  holding  at  -0.4  V.  we  obtained  the  in-situ 
spectrum  shown  in  Rg.  3c.  A  new  band  is  evident  at  about  512  cm'\  along  with  the  old  one  at 
456  em'V  We  assign  this  new  band  to  NiO  by  comparison  with  the  spectrum  of  a  standard 
sample  of  NiO.^^  Increasing  the  potential  to  0  V  resulted  only  in  an  increase  in  intensity  of  the  two 
bands  (Rg.  3d),  presumably  due  to  an  increase  in  the  thickness  of  the  corresponding  surface 
films  with  potential.  A  corresponding  increase  in  intensity  of  the  OH  vibration  is  also  observed 
(Figs.  4a  to  4c}. 

On  reversing  the  potential  scan  and  holding  at  -0.9  V,  we  observed  a  considerable 
reduction  in  the  intensity  of  the  bands  at  450  and  510  cm’’*  (Fig.  3e).  The  bands,  however,  do  not 
completely  disappear  even  after  2  hours,  suggesting  slow  kinetics  or  some  irreversibility  in  the 
reduction  of  the  surface  film. 

Similar  results  are  obtained  in  0.15  M  NaCI  solution,  for  which  the  current-potential 
relation  is  shown  in  Rg.  5.  The  same  twe  peaks  (I  and  II)  are  observed  as  in  0.1  M  NaOH.  in 
contrast,  however,  breakdown  of  the  passive  film  appears  to  occur  at  about  0.2  V  in  the  presence 
of  chloride.  The  in-situ  Raman  spectrum  obtained  upon  potentiostating  at  -0.75  V  is  shown  in  Fig. 
6a.  The  band  at  450  cm'^  assigned  to  Ni(OH)2  is  agsun  clearly  evident  On  increasing  the  potential 
to  -0.4  V,  new  bands  appear  at  215  and  510  cm’^  (Fig.  6b).  The  former  is  assigned  to  CT 
adsorbed  on  the  Ag  overiayer,  which  is  commonly  observed  in  SERB  studies  in  chlorkfe 
solutions^^  It  is  interesting  to  note  once  again  how  the  appearance  of  the  510  cm'^  band  due  to 
NiO  correlates  with  the  occurrence  of  wave  11  in  the  voitammogram.  Spectra  obtained  in  ttie 
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region  of  the  OH  vibration  once  more  show  a  band  at  about  3640  cm'^  at  potentials  where  the 
4^  cm'^  band  is  also  obsenred. 

Essentiaily  the  same  spectroscopic  residts  were  obtained  for  Ni  in  addHied  0.15 
M  NaCt  solution  (pH  2.7).  although  the  intensities  of  the  450  and  51 0  cm'^  bands  are  oonsMerably 
lower,  due  presumably  to  the  thinness  of  the  film. 

The  prindpal  results  that  emanate  from  this  work  are: 

1 )  The  observation  of  the  presence  of  both  Ni(OH)2  and  NiO  in  the  surface  flm(s)  on 
nickel  in  the  passive  potential  region  for  all  the  solution  studied  from  pH  2.7  to  1 2. 

2)  The  correlation  between  the  form^don  of  NKOH)2  with  the  first  anodic  wave  (I)  and 
that  of  NiO  with  the  second  wave  (il)  in  the  current-potential  curve. 

There  has  been  no  consensus  on  the  composition  of  the  passive  film  on  nickel 
despite  over  fifty  years  of  research  investigations.  Some  wc^rs^*^  daim  that  the  film  is  Ni(OH)2. 
while  others  b^eve  that  it  is  NiO.**^^  Our  results  show  unequivocafiy  that  both  spedes  are 
present  in  the  surface  film  on  Ni  In  the  passive  potential  region.  We  also  showed  that  Ni(OH)2  and 
NiO  are  formed  separately,  consistent  wittr  thermodynamic  calculations.^^  and  contrary  to 
suggestions  that  NiO  is  produced  by  dehydration^  of  Ni(OH)2. 

II.  Specular  X-ray  Reflection  from  Electrode  Surfaces 

The  advent  of  high  intensity  synchrotron  radation  sources  has  recently  led  to  a 
renaissance  in  the  use  of  X-ray  techniques  tor  the  study  of  surface  and  interface  phenomena.  X- 
ray  reflectivity  (XRR)  measurements  appear  to  have  great  potential  for  the  in-situ  characterbntion 
of  the  electrode/soiution  interface  but  this  potential  has  not  been  generally  appredated.  In  spile 
of  the  early  demonstration  of  the  utility  of  the  technique  for  investigation  of  surfaces  in  ambient 
air  by  Kiessig,^^^  its  extension  to  the  study  of  the  sotidniquid  interface  under  potential  control  has 
been  limited.  To  our  knowledge,  Bosio  et  appear  to  have  carried  out  Ihe  fust  reflecttvHy 

measuremenls  on  an  electrode  in-situ;  howevr^,  they  were  rrrainly  interested  in  EXAFS 
information  on  the  surface  oxide  on  Ni  and  obtained  this  at  grazing  angle  of  inddenoe  by  a 
technique  they  called  REFLEXAFS.  Ocko  et  al.^*\  more  recently,  studied  the  reconstruction  of 
the  Au(001)  surface  as  a  function  of  electrode  potential  using  X-ray  reflectivity  and  diffraction 
techniques.  They  showed  that  at  -0.4  V  (vs  Ag/AgCi  reference,  in  0.01  M  HCIO4  solution),  the 
gold  surface  exhibits  a  hexagonal  reconstructed  layer  with  a  mass  density  21%  greater  than  the 
underlying  bulk  layers.  The  reconstruction  disappears  above  0.5  V  but  is  reversible  when  the 
potential  is  held  again  below  -0.3  V.  We  have  recently  used  X-ray  reflectivity  measurements  to 
study  the  changes  in  the  surface  structure  of  a  copper  electrode  as  a  function  of  applied  potential 
in  borate  solution.^^^  We  present  here  briefly  some  of  the  results  that  demonstrate  the  utility  of 
the  technique  for  in-situ  surface  and  interface  characterization. 

A.  Experimental 

An  experimental  setup  for  in-situ  reflectivity  measur^ents  from  electrode  surfaces 
is  shown  schematically  in  Fig.  7.  X-rays  from  a  synchrotron  or  a  rotating  anode  X-ray  generator 
are  monochromatized.  collimated,  and  focused  onto  the  electrode  surface  near  the  critical  angle. 
The  angle  of  incidence  (8)  is  scanned  using  a  spectrometer  that  also  serves  to  support  and  align 
the  sample.  The  specularly  reflected  X-rays,  with  int^sity  l^i  are  detected  using  a  Nal  scintillation 
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detector.  This  signal  is  used  along  with  the  monitored  intensity  the  incident  beam,  *o*  to  obtain 
the  normaBzed  reflectivity. 

The  copper  electrode  consisted  of  -250  A  film  that  was  vacuum  evaporated  onto 
a  polished  Si(1 1 1)  substrate;  the  active  electrode  area  was  -0.32-cm  wide  x  3.65-cm  lorig.  The 
electrode  was  mounted  in  an  X-ray/eiectrochemicaB  ceil  fitted  with  0.025-mm-thick  Teflon  (FEP) 
wirKlows.  Details  of  this  cell  have  been  pubiished.^*^  The  1.48  A  X-rays  used  suffered  a  95% 
decrease  In  intensity  in  traversing  a  solution  pattr  length  of  -0.32  cm.  The  X-ray  reflectivity  was 

Q  (s 

measured  in-situ  as  a  function  of  X  the  momentum  transfer  vector,  and 

also  at  different  potentials  in  borate  buffer  solution  (pH  8.4). 

B.  Results  and  Discussion 

The  electrochemical  behavior  of  copper  in  borate  solution  is  shown  in  Fig.  8.  Peaks 
I  and  II  In  the  current-potential  cun/e  indicate  the  oxidation  of  the  surface  to  form  Cu(l)  and  Cu(li) 
oxides:  subsequent  r^uction  of  the  surface  films  occurs  during  the  reverse  scan  of  the  potentied 
(peaks  III  and  IV)- 

Fig.  9  shows  the  reflectivity  of  the  electrode  measured  while  under  potential  control 
at  four  different  points  (i.e..  A,  B.  C,  and  D  in  Fig.  8)  In  the  current-potential  curve.  The  reflectivily 
curves  indicate  the  condition  of  the  electrode  surface  at  open  circuit  (A,  -0.12  V),  upon  reduction 
of  the  surface  film  (B,  -0.8  V).  on  anoeSc  oxidation  to  form  the  surface  oxides  (C,  +  0.4  V),  and 
on  subsequent  cathode  reduction  at  -0.8  V  (D). 

Several  theoretical  treatments  of  X-ray  scattering  from  surface  and  multilayer  films 
have  appeared  in  the  literature.^^'^®*^*^  To  obtain  physical  parameters  from  the  experimentally 
measured  reflectograms,  application  is  made  of  Fresnel’s  laws  of  reflection  for  treatment  of  the 
data,  in  our  analysis,  we  employed  a  kinematic  approximation  with  conformally  rough  interfaces. 
This  means  that  in  our  system,  consisting  of  copper  with  a  copper  oxide  film  In  contact  with  the 
solution,  the  roughness  of  the  copper  oxkJe/soiution  interface  is  correlated  with  that  of  the 
copper/copper  oxide  interface.  In  this  case,  the  reflectivity,  with  appropriate  corrections,  has  been 
derived  by  You,^^  as: 


is.  =A^  +8^  expC-Qjoi  0,1  +  expt-Q,jj  02I 
•o 


+  2AB  cos(Q3oi<Ji)  exp{-Q,o,(Oi  +  oj] 


♦  2AC  cos[Q,Q,(di  +  Ad)l  exp[-Q,oi(<J2  ♦  ojl 


♦  2BC  cos(Q,ai  Ad)  exp{-Q,o,(o,  +  Og)) 
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where: 


Qsi“Qcu 

(  ^QwPcm 

[(Qrt^Qcu)*] 

«  rms  roughness  of  the  CU/CU2O  intertaoe 
s  rms  rou(^tness  of  the  CujO/soiution  interfaoe 


o«  «  correlated  roughness  of  oxide  film 
d^  s  thickness  of  the  copper  film 


C 


Qci%0“Qaol 


Ad  « tNckness  of  the  CU2O  llm 


Also, 

Q„  *  (Q*  -  4^  X  for  n  «  Cu,  SI,  CujO,  and  the  solution  (sol),  where  p„  « the  density 

of  n. 

Moreover,  our  data  appear  to  be  better  fitted  by  assuming  a  Lorenbcian  distribution  furrction 
instead  of  the  Gaussian  function  commonly  employed  by  others.^^^  A  nonlinear  least  squares 
fitting  procedure  using  the  foregoing  equations  allowed  the  film  thickness  d,  density  p,  and  o 
parameters  to  be  obtained  from  the  experknentsl  data.  Taldng  the  den^  of  pure  copper  to  be 
8.92  gfcm^  and  that  of  the  copper  oodde  film  to  be  5.5  g/cm^  the  parameters  given  in  Table  I  are 
derived.^  The  initial  thickness  of  the  copper  fOm  on  sIRcon  was  285  A.  This  changes  with 
potential  due  to  the  formation  and  leduc^  of  the  surface  oxide  (here  taken  as  CU2O).  The 
correlated  roughness  varies  also  with  potential  but  the  interface  roughnesses  seem  relatively 
unaffected.  The  important  point  to  emphasize  here  is  that  we  are  now  beginning  to  obtain 
atomistic  information  on  the  physical  structure  of  metals  In  solution  environments  in-situ  under  the 
influence  of  an  applied  potential;  some  of  this  information  is  not  obtEtinable  by  any  other  means. 
One  can  expect  application  of  the  XRR  technkpie  to  other  interesting  prc^ems  in  corrosion 
science  and  technology  in  tire  near  future. 
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TABLE  I.  Paxamelers  derived  from  least  squares  lit  to  experimental  data 


E/V 

dctt/A 

dCu2o/A 

<rjk 

f^Cu,oi$<alk 

-0.12 

273 

12 

16 

4.6 

4.4 

-0.8 

285 

(0) 

11 

3.3 

4.6 

+0.4 

250 

35 

25 

5.6 

4.4 

-0.8 

276 

(9) 

12 

5.3 

4.6 
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Fig.  1 .  Experimental  sel-up  for  laser  Raman  spectro- 
elcclrocliemlcal  studies. 
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Fig.  3 .  Laser  Raman  Spectra  of  Nidiel  in  0.1  M  NaOH 

Solution  at  Various  Potentials. 

Ax*  Laser,  514.5  run  line,  Px-lOO  mW. 
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Fig.  ^  •  Laser  Raman  Spectra  of  Ni  in  tlw 
OH  Stretcliing  Region. 
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^8*  5.  Cyclic  vollanunogrkm  of  nickel  in  0.15 
M  NaCl  solution  (pO  8.5).  Sena  rntc  = 
lOmV/sec. 


Fig.  6.  Snrince  enhaaced  Ramaa  spectrum  of  corrosion  film  on 
nickd  in  0.15  M  NaQ  at  rarioos  potentials,  a)  E  s  *0.75 
V,  b)  B=  -0.41)  V.  Ar^  laser,  514.5  nni  line,  100  mW. 


Fig.  8.  Cyclic  Toltammogram  of  Cn-cn-Si  dectrode  in  bo- 
rale  bufier  solution  (pH  8.4),  Scan  rule  ■*  10  mV/scc. 
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Flig.  7.  Schematic  of  Set-up  for  In  Situ  X-raj  Reflectinty 
Measurements 

SYNC  s:  Synchrotron  soitrce. 

M  =  Si(lll)  double  crystal  monchromator. 

S  a  Slit. 

W  3s  Teilon  window 

R.  E.  s  Reference  electrode. 

C.  E.  ss  Counter  electrode. 

W.  E.  ss  Working  electrode. 

D  SB  Scilitillalion  detector. 

1^,  Ijt  —  Incident  and  refiected  X-ray  beams,  respec¬ 
tively. 

d  ss  'Angle  of  inddence. 


sen 


Fig.  9 .  ReflcctiTity  of  Gu-on-S  dcclrode  at  var¬ 
ious  potentials  in  borate  bolTer  sdution 
(pH  8.4).  A,  B,  C,  D  correspond  to  po¬ 
tentials  indicated  in  ^clic  voltanunogram 
of  Fig.  8 
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Abstract 

At  any  site  of  localised  corrosion  there  will  be  microscopic  separation  of  anodic  and 
cathodic  flows  of  current  through  the  surface.  The  current  flow  will  in  turn  set  up 
concentration  gradients  within  the  electrolyte  adjacent  to  the  metal  which  in  some  cases 
leaves  a  tell-tale  sign  in  the  surface  composition.  At  the  macroscopic  level  this  is  seen 
as  the  ‘cathodic  chalk’  deposited  from  marine  environments  on  cathodic  protection 
systems,  or  as  staining  by  the  ionic  effluent  from  small  pits.  Over  a  period  of  many  years 
we  have  sought  these  tell-tales  by  scanning  Auger  electron  microscopy  and  now  use  them 
with  some  confidence  to  reveal  the  location  and  degree  of  separation  of  anodic  and 
cathodic  sites.  In  this  paper  the  work  is  reviewed,  giving  examples  from  localised  attack 
within  crevices,  at  inclusions,  and  in  metal  matrix  composites.  Attempts  have  been  made, 
by  both  calculation  and  by  comparison  with  whole  electrodes  at  controlled 
electropotentials,  to  relate  the  observed  surface  composition  to  the  local  electrode 
potential  at  the  site  of  attack.  Progress  in  this  work  will  be  described. 

Key  terms:  Auger  Electron  Spectroscopy;  Pitting  Corrosion;  Electrochemistry 

Introduction 

Auger  spectroscopy  is  surface  sensitive  but  is  not  particularly  sensitive  to  chemical  state. 
It  is  therefore  of  value  in  discovering  foreign  elements  at  the  surface  and  of  pinpointing 
their  location.  The  question  which  is  posed  in  this  paper  is  whether  we  have  to  leave  any 
positive  outcome  to  serendipity  (Defined  in  the  Oxford  English  Dictionary  as  'The  faculty 
of  making  happy  and  unexpected  discoveries  by  accident")  or  whether  the  investigator 
can  play  a  more  purposeful  role. 

The  starting  point  of  course  is  that  the  presence,  or  otherwise,  of  particular  elements  on 
a  surface  does  not  establish  a  causal  relationship  with  corrosion.  We  need  to  go  further 
and  associate  the  ions  with  either  (a)  a  current  flow  through  that  part  of  the  surface  or 
(b)  a  particular  electropotential  on  that  surface.  Either  a  current  flow  or  a  potential 
difference  might  then  be  used  to  infer  electrochemical  activity  and  hence  establish  that 
sites  of  damage  were  active  at  the  time  of  removal  from  the  electrolyte.  Such 
observations  would  be  then  of  great  use  in  both  field  and  laboratory  investigations. 

Some  of  the  circumstances  which  lead  to  ions  being  segregated  within  the  surface  layer 
are  as  follows: 

1.  Changes  in  potential,  causing  redox  reactions  and  deposition. 
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2.  Changes  in  local  ion  concentration,  exceeding  the  solubility  product  and  leading 
to  deposition. 

3.  Changes  in  pH,  a  special  case  of  2  interacting  also  with  1. 

4.  Electromigration  or  potential  dependent  adsorption 

5.  Ion-exchange  giving  a  local  indication  of  the  ion  concentrations  in  the  electrolyte. 

6.  Specific  ions  found  at  flaws  in  the  protective  film,  although  the  underlying  reason 
for  such  an  observation  is  likely  to  be  found  in  points  1  to  S  above. 

Some  of  these  effects  will  provide  the  route  by  which  observation  of  chemical  changes 
at  the  surface  can  be  coupled  into  classic  interpretations  such  as  the  predictions  of  the 
Pourbaix  diagram.  In  some  cases  the  tell-tail  signs  of  ion  concentrations  will  arise 
through  chance;  in  other  cases  ions  might  be  added  to  the  electrolyte  as  markers  for 
particular  types  of  electrochemical  activity.  This  paper  will  it  is  hoped  guide  the 
interpretation  of  the  former  cases  and  assist  in  the  choice  of  ions  in  the  latter  case. 

Current  Flux 

Anodic  Sites. 

Deposition  of  ions  as  a  result  of  a  current  flux  arises  by  virtue  of  the  concentration 
gradient  established  at  the  surface.  Material  will  be  deposited  as  long  as  the  solubility 
product  of  a  sparingly  soluble  species  is  exceeded.  The  classic  example  of  this  would  be 
the  deposition  of  a  chloride  as  a  salt-layer  at  the  base  of  a  pit.  Such  chloride  deposits 
are  readily  observed  by  Auger  spectroscopy  and  have  been  shown  as  SAM  maps  by 
Daud*  and  by  Baker^  among  many  others  (Figures  1  Sc  2).  In  the  former  case  the  pits 
were  found  within  artificial  crevices  formed  from  316  grade  stainless  steel  and  in  the 
latter  on  freely  exposed  surfaces  after  times  as  short  as  10  seconds.  Deposition  of  the 
salt  in  this  case  depends  on  the  concentration  of  metal  ions  which  in  turn  depends  on  the 
anodic  current  flowing  through  the  exposed  surface  within  the  pit.  ITiere  have  been 
attempts  to  describe  the  change  in  pH  within  pits  by  quantitative  models^'*  but  these  do 
not  give  an  estimate  of  the  critical  current  for  salt  deposition. 

The  problem  of  predicting  the  current  for  salt  precipitation  as  a  function  of  the  chloride 
ion  content  of  the  electrolyte  is  made  difficult  by  several  factors:  the  flow  of  chloride 
ions  towards  the  anode;  the  fact  that  the  system  is  a  highly  concentrated  occluded  cell; 
and  because  of  the  drying  out  of  any  solution  entrapped  in  the  pit.  It  is  thus  not  possible 
for  the  spectroscopist  to  probe  the  concentration  of  metal  ions  within  the  pit  by  varying 
the  concentration  of  chloride  ions  in  the  electrolyte:  the  link  between  this  and  the 
concentration  in  the  pit  is  too  indirect.  Moreover  the  chloride  ion  is  active  in  the 
corrosion  process  itself  and  thus  is  not  suitable  as  an  inert  marker. 

Field  Searching. 

The  observation  of  chloride,  however,  is  a  valid  indicator  that  an  active  pit  has  been 
found  and  Baker^  used  this  as  the  basis  of  a  routine  for  searching  large  fields  of  view  for 
chemical  anomalies.  Such  anomalies  often  represent  the  first  evidence  of  pit  initiation 
or  of  pits  in  the  metastable  phase  of  development.  Figure  3.  In  his  method  the  field  of 
view  is  increased  until  any  possible  cluster  of  chloride  ions,  or  other  significant  ions. 


3963 


would  occupy  no  more  than  a  single  pixel.  The  intensity  of  the  given  element  in  each 
pixel  in  a  map  is  then  fitted  to  a  normal  distribution,  such  as  that  shown  in  Figure  3a. 
Such  a  distribution  is  essentially  the  result  of  15600  separate  analyses  (for  a  125  x  125 
map).  Most  of  these  analyses  conform  precisely  to  the  normal  distribution  which 
represents  the  noise  in  the  acquisition.  The  search  routine  considers  only  the  high 
intensity  tail.  From  the  main  body  of  the  distribution  it  is  possible  to  predict  the  intensity 
at  which  there  is  a  probability  of  finding  no  more  than  a  single  pixel.  Any  pixels  with  an 
intensity  greater  than  this  value  outlie  the  normal  distribution  and  are  likely  to  contain 
a  concentration  of  the  element  which  is  statistically  significant.  The  position  of  these 
pixels  is  returned  by  the  search  routine  in  various  ways.  That  shown  in  Figure  3b 
highlights  their  position  on  the  SEM  micrograph  of  the  surface.  It  is  then  easy  to 
examine  these  reference  positions  at  high  magnification,  as  in  Figure  3c.  The  results 
shown  in  figure  3  are  based  on  searches  for  small  sulphur-containing  inclusions.  There 
was  a  good  record  for  the  finding  of  inclusions,  by  this  method,  within  what  would 
otherwise  be  a  very  sparse  field. 

Cathodic  Sites. 

In  contrast  to  the  problems  at  the  anode,  there  are  real  possibilities  for  probing  the 
current  at  the  cathode.  The  situation  at  this  electrode  is  better  because  it  is  not  normally 
hidden  in  an  occluded  cell.  Both  of  the  common  cathode  reactions  create  a  change  in 
local  pH  value  and  this  can  be  searched  for  by  use  of  a  cation  which  has  a  sparingly 
soluble  hydroxide.  The  potential  problem  of  stirring  by  evolution  of  hydrogen  gas  is 
eliminated  if  we  consider  only  the  case  of  oxygenated  solutions  at  near  neutral  pH  values. 
The  local  pH  will  rise  until  the  rate  of  generation  of  hydroxyl  ions  is  equal  to  their  escape 
by  diffusion  or  by  reaction  with  hydrogen  ions.  This  equilibrium  is  reached  rapidly*  and 
we  can  then  write: 


i/A  =  (F/6){Doh.A[OH1  -  D„^A[H]}  (1) 

Addition  of  eg.  magnesium  ions  to  the  electrolyte  ‘.vill,  at  a  critical  concentration,  cause 
the  precipitation  of  Mg(OH)2  which  is  readily  detected  by  SAM.  The  delineation  of 
cathodes  by  this  method  has  been  shown  by  Daud*.  The  determination  of  the  current 
density  through  the  cathode  is  possible  by  solution  of  the  equation  derived  from  (1)  using 
the  solubility  product  of  the  relevant  hydroxide  and  the  ionic  product  of  water: 

i/A  =  (F/i){Do„.((MMgl)*  -  MHJ)  +  D„.([H)  ■  k,((Mg]/k,)‘)>  (2) 

Castle*  has  shown  that,  for  near  neutral  electrolytes,  only  the  first  term  of  this  is 
important  and  the  result  is  almost  independent  of  the  bulk  pH  value  over  a  range  from 
pH6  to  pH8. 

The  model  represented  by  the  equation  above  is  simply  Fickian  diffusion  over  a  planar 
geometry.  In  fact  the  hydroxyl  ions  diffuse  out  from  the  centre  of  a  hemisphere  but  the 
adoption  of  this  more  suitable  geometry  seems  unlikely  to  change  the  critical  current  for 
precipitation  of  the  hydroxide.  Figure  4a  shows  how  the  critical  current  density  varies 
with  the  concentration  of  magnesium  and  the  diffusion  distance  over  which  the  pH  varies. 
The  diffusion  coefficients  of  hydrogen  and  hydroxyl  ions  were  taken  as  0.93  and 
0.52  X  10  *m^s  ‘  respectively;  the  solubility  product  for  magnesium  hydroxide  was  taken 
as  5  X  10  “  and  the  pH  value  for  the  curves  shown  in  Figure  4a  was  taken  to  be  6.0. 
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Figure  4b  shows  the  influence  of  pH  value,  the  curves  being  calculated  for  a  diffusion 
distance  of  10  pm.  The  pH  value,  over  the  range  5.5  to  8.5,  has  much  less  influence  than 
either  the  concentration  of  magnesium  or  the  diffusion  distance.  It  is  this  latter  which  is 
most  difflcult  to  estimate.  In  SAM  maps  of  anode/cathode  distribution,  eg,  as  shown  by 
Ke’’  (Figure  6),  the  annular  cathode  around  the  anode  has  a  radius  of  about  2r,  where 
r  is  the  radius  of  the  central  anode.  The  scale  is  thus  somewhere  in  the  range  1  pm  to 
40  pm  and  the  curves  provided  straddle  this  range. 

An  illustration  of  the  use  of  the  curves  is  given  in  Figure  5,  together  with  a  scatter 
diagram  for  correlation.  This  shows  an  iron-aluminium  intermetallic  compound  in  a 
aluminium  alloy  6061/silicon  carbide  MMC  (metal  matrix  composite)  which  had  been 
exposed  in  O.IM  MgCl2  solution  at  pH7. 

The  correlation  of  magnesium  and  the  iron  intermetallic  is  revealed  readily  by  use  of  the 
scatter  diagram  produced  using  software  developed  by  Yan  in  this  laboratory.  A  scatter 
diagram  examines  pairs  of  maps  for  correlations  or  anticorrelations.  The  pairs  can  be 
mixed  as  elements,  as  mode  (X-ray,  Auger  electron,  or  secondary  electron)  and  the 
analysis  yields  the  position  of  particular  surface  phases,  regions  of  interdiffusion,  or  even 
enables  different  thicknesses  to  be  distinguished  as  shown  in  Figure  7.  Scatter  diagrams 
are  thus  invaluable  for  making  informed  searches  of  corroded  surfaces.  In  this  case,  the 
strong  correlation  between  Mg  and  Fe  confirms  the  cathodic  nature  of  the  inclusions. 
No  deposition  occurred  on  the  silicon  carbide  indicating  that  these  lacked  strong 
electrochemical  activity.  However  scatter  diagrams  can  yield  the  composition  of  any 
surface  phases  and  are  often  as  informative  as  the  maps  themselves. 

In  further  studies,  precipitation  of  magnesium  hydroxide  was  found  to  occur  in  a  solution 
of  IM  sodium  chloride  containing  magnesium  ions  at  a  concentration  of  O.OIM  but  not 
at  0.00  IM.  This  indicates  that  the  current  density  through  this  cathodic  particle  reached 
at  least  1.2mA/cm^.  It  is  interesting  to  note  that  in  this  field  of  view  there  were  several 
smaller  intermetallics  which  had  not  picked  up  magnesium  -  showing  the  important 
influence  of  the  diffusion  distance;  as  shown  in  Figure  4  these  would  have  required  a 
significantly  greater  current  density. 

Curves  similar  to  those  in  Figure  4  can  be  drawn  for  any  cation  which  will  precipitate  at 
high  pH  and  which  does  not  interfere  with  the  corrosion  reaction:  in  our  original  work 
on  plane  electrodes  we  used  cadmium  ions  also.  There  is  thus  ample  scope  for  the  SAM 
microscopist  to  undertake  searches  for  active  electrochemical  systems  using  the  method 
of  cathode  decoration.  The  sharp  rise  in  current  needed  to  sustain  precipitation  at  pH 
values  below  5  shows  that  the  method  is  only  suited  to  near-neutral  conditions.  Methods 
for  the  decoration  of  electrodes  in  the  acidic  conditions  to  which  stainless  steels  are  often 
exposed  will  therefore  need  to  be  based  on  different  ions. 

In  recent  work  on  pitting  corrosion  Baker’  has  found  evidence  (serendipity  again!)  that 
anions  too  respond  to  the  abrupt  change  in  pH  around  the  anode.  In  this  case  semi- 
permeable  membranes  of  the  type  found  in  ‘chemical  gardens’  appear  to  be  formed  by 
precipitation  of  silicates  as  the  pH  drops.  Figure  6.  Many  other  anions  may  be 
influenced  by  pH  changes  in  the  same  manner  and  an  indication  of  these  is  given  in  his 
paper.  Whilst  ions  such  as  silicate  and  aluminate  might  be  suitable  markers,  one 
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potential  problem  is  that  the  formation  of  membranes  is  likely  to  give  additional  stability 
to  metastable  pits  and  thus  have  an  influence  on  the  course  of  corrosion. 


Local  Potential 

Potential-Sensitive  Deposition. 

The  precipitation  reactions  referred  to  above  do  not  consume  electrons  and  are  not 
therefore  sensitive  to  the  electropotential  of  the  surface.  Other  reactions,  including  some 
well  known  as  providing  marker  action,  are  sensitive  to  potential.  Typical  of  these  is  the 
reduction  of  copper  ions  to  copper  metal  at  the  cathode.  This  reaction  has  been  used 
in  the  past  to  decorate,  and  thus  reveal,  the  presence  of  cracking  in  scales  formed  at  high 
temperature^  In  this  paper  it  was  shown  that  cathodic  reduction  of  iron  oxide  would  also 
accompany  deposition  of  copper  -  a  solution  of  nickel  sulphamate  has  some  advantages 
in  this  respect.  Qearly,  as  in  the  case  of  searching  for  cathodic  current  with  cation 
probes,  there  is  also  the  possibility  of  searching  for  cathodic  potentials  with  the  cations 
of  the  electrochemical  series.  ^  far  this  does  not  seem  to  have  been  done  in  a 
purposeful  manner.  The  important  point  is  that  the  ions  chosen  should  not  themselves 
be  part  of  the  metal  system,  nor  should  they  stimulate  corrosion  in  any  way. 

Hydrogen  ions  will  be  involved  in  many  possible  reactions  and  the  technique  for 
decoration  must  then  be  related  to  the  relevant  part  of  the  Pourbaix  diagram  for  the 
compounds,  concentrations  and  pH  values  involved.  Figure  7  is  a  combination  of  an  X- 
ray  map  for  sulphur,  showing  the  position  of  the  central  inclusion,  and  an  Auger  map, 
showing  the  annular  cathode  decorated  with  sulphur  produced  by  hydrolysis  of  the 
inclusion.  Once  again  this  image  is  produced  from  information  contained  within  a  scatter 
diagram.  Here  the  X-ray  and  Auger  maps  for  sulphur  are  anticorrelated,  the  pixels  high 
in  X-ray  intensity  show  the  position  of  the  inclusion  whilst  those  high  in  Auger  electron 
intensity  show  the  surface  deposit  resulting  from  the  corrosive  attack.  Ke^  proposed  that 
the  annulus  of  sulphur  results  from  decoration  of  the  cathode  by  reduction  of  partly 
oxidised  sulphur.  In  keeping  with  the  Pourbaix  diagram  she  showed  that  deposition  was 
marked  at  a  bulk  pH  value  of  5  but  did  not  occur  at  pH9. 

Transport  of  Corrosion  Products. 

Quite  often  transport  of  the  corroding  species  itself  is  observed  in  a  way  which  can  be 
distinguished.  In  the  course  of  the  corrosion  of  steel  around  a  sulphide  inclusion,  iron 
is  deposited  as  a  cap  above  the  inclusion.  The  material  is  an  oxide  or  oxyhydroxide  and 
presumably  marks  the  pH  change  between  the  anodic  side  wall  exposed  by  corrosion  of 
the  inclusion  and  that  of  the  bulk  medium.  The  formation  of  such  a  cap  can  be  seen  in 
Figure  8.  This  work  is  also  due  to  Ke.  A  transport  which  is  more  difficult  to  interpret 
is  found  in  the  corrosion  of  silicon  carbide  fibre-reinforced  aluminium'®.  Exposure  of  the 
cross-section  of  this  material  to  sodium  chloride  solution  results  in  the  deposition  of 
aluminium  oxide  on  the  pure  carbon  core  to  the  silicon  carbide  which  is  exposed. 
Aluminium  solubility  is  a  maximum  at  about  pH5  and  thus  the  deposition  could  result 
from  either  acidic  or  basic  excursion  of  the  electrolyte  composition  at  the  carbon. 
Figure  9. 

SAM  and  XPS 

The  electrochemical  separation  of  precipitation  and  other  reactions  which  is  observed  in 
the  SAM  results  from  a  lateral  movement  of  ions  across  the  surface  whilst,  on  whole 
electrodes  held  at  a  single  electropotential,  the  principal  movement  of  ions  is 
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perpendicular  to  the  surface.  This  will  give  rise  to  a  layer-like  structure  showing,  in  this, 
many  of  the  pH  sensitive  precipitates  which  are  separated  laterally  in  the  SAM  maps. 
The  surfaces  and  interfaces,  if  they  can  be  separated,  are  best  examined  by  XPS.  With 
care,  important  correlations  can  be  made  between  the  two,  enabling  the  chemistry  around 
a  pit  to  be  linked  to  the  similar  chemistry  at  known  potentials  on  whole  electrodes. 
Daud  has  done  this  for  the  case  of  pits  in  316  stainless  steel,  as  has  been  reported  in  a 
previous  review". 


Conclusions 

There  is  scope  for  the  use  of  markers  for  electrochemical  activity  in  SAM  studies.  There 
is  most  to  gain  from  the  use  of  cations  of  the  alkaline  earth  metals  to  determine  the  local 
variation  of  pH  value  since  an  estimate  can  then  be  made  of  the  current  flow  through 
that  region  of  the  surface.  However  the  surface  potentials  can  also  be  estimated  by  use 
of  easily  reduced  cations,  or  by  comparison  of  the  surface  chemistiy  with  that  observed 
on  whole  electrodes  held  at  a  uniform,  known  potential. 

Semi-automatic  searching  of  fields  of  view  for  significant  chemical  features  can  be 
undertaken  by  use  of  the  intensity  histogram  or,  preferably,  by  use  of  scatter  diagrams. 
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S'.'i  •  of  naxi.flu-‘n  iiilfi.aitj. 
T’O-  of  maximu/n  irjlonaity. 


1.  Map  showing  the  chloride  ions  conccn- 
Iralcd  al  ihc  base  ol  a  small  open  pil  in  3 Id 
stainless  steel.  The  surlace  was  exposed  in 
an  artificial  crevice  to  .^.4^fMgCl2. solution. 


?>.  Sequence  showing  the  indenlificalion  of 
high  sulphur  pixels  in  low  magnificatiem 
SAMs:  The  intensity  histogram  (top  left)  is 
examined  at  the  high  intensity  tail  for 
outliers.  The  position  of  these  is  indicated  on 
the  low  magnification  SEM  (top  right)  and 
used  to  guide  the  high  magnification  SAM  to 
the  correct  location  (Side). 


2.  SAM  micrograph  showing  chloride  ions 
clustered  beneath  the  oxide  cover  on  a 
metastable  pit  after  an  exposure  to  an 
electrolyte  containing: 

().5M  NaCI  +  ().5M  il2S04+  t).t)S‘;c  H2O2 
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Figure  4a.  The  critical  current  density 
required  at  a  cathode  for  the  precipitation  of 
magnesium  hydroxide:  the  influence  of 
magnesium  concentration. 


Figure  4b.  The  critical  current  density 
required  at  a  cathode  for  the  precipitation 
of  magnesium  hydroxide;  the  influence  of 
pH. 


Figure  5a  The  corrosion  of  an  aluminium 
alloy/silicon  carbide  MMC.  A  scatter  diagram 
showing  correlated  pixels  which  are  high  in 
both  magnesium  and  iron.  Those  pixels 
identified  within  the  circle  are  used  to 
construct  the  map  in  Hgure  Sb. 


Figure  5b.  Corrosion  of  aluminium 
alloy/silicon  carbide  MMC.  A  SAM 
showing  the  location  of  magnesium 
hydroxide,  derived  from  the  electrolyte,  at 
an  intermetallic  particle  in  the  alloy,  which 
is  identified  by  the  presence  of  iron. 
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l  igurc  6.  C  orrtisKin  cit  Iroii.  C'hriimium  allov. 
Silica,  probablv  derived  Ironi  a  small  oxide 


I'igure  7.  I  be  inilial  stages  ot  corrosive 
attack  at  a  manganese  sulphide  inclusion  tn 


inclusion  located  between  the  two  \vini:s’  has  sodium  chloride  solutit)n.  I’hts  combination 


deposited  as  a  membrane  as.socialed  w'ilh  an 
acidic  etnuenl  from  the  grttwing  pit. 


X-ray  and  Auger  electron  map  shows  the 
location  of  the  central  inclusion  and  the 
position  of  the  surrounding  anode  which  is 
decorated  with  electrodejrosited  sulphur. 
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f'igure  H.  Corrosion  of  Stainless  Steel.  Iron  is  tibsent  from 
the  site  of  the  manganese  sulphide  inclusion  prior  to 
corrosion(top  left)  but  deposits  as  a  c;tp  to  the  inclusicm 
during  a  .15min.exposure  to  sodium  chloride  solution 
(bottom  left).  During  this  time  sulphur.  hydroly.sed  from 
the  inclusion  (top  right),  is  electrtrdeposited  at  the  cathode. 


b'igure  9.  Corrosion  of 
silicon  carbide  fibre 
.iiluminium  alloy  MMC. 
Transport  of  aluminium 
corrosion  product  to  the 
exposed  graphite  core  of  the 
fibre. 
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Alloy  Oxidation:  Who  is  in  Control  as  Studied  by  XPS 


David  L.  Cocke 

Gill  Chair  of  Analytical  Chemistry 
Lamar  University 
Beaumont,  TX  77710 


Abstract 

Metal  alloys  show  a  rich  and  complex  surface  chemistry  in  both  thermal  and  anodic 
oxidation.  By  comparing  the  thermal  oxidation  of  titanium-aluminum  and  titanium-copper 
alloys  (Ti36Cu64  and  Ti36Al64),  we  have  been  able  to  delineate  those  factors  which  are  most 
important  to  the  oxide  formation  process.  XPS  has  been  shown  to  provide  valuable  input  to 
determining  "who"  is  in  control,  litis  is  clearly  shown  to  be  the  potential  and  its  accompanying 
electric  field  that  develops  or  is  appli^l  during  thermal  or  anodic  oxidation  ,  respectively. 

Key  terms:  thermal  oxidation,  anodic  oxidation,  alloys,  TiAl,  TiCu, 

Introduction 

Alloy  corrosion  is  today  a  major  research  and  engineering  challenge^*^.  Metal  alloys 
show  a  rich  and  complex  surface  chemistry  in  both  thermal  and  anodic  oxidation.  Today 
however  there  remains  much  to  learn  about  alloy  oxidation  in  both  regimes.  The  interaction  of 
individual  crystalline  metals  with  oxygen  has  been  the  subject  of  many  studies^'^  and  there  is 
substantial  understanding  of  both  thin  film  and  thick  Him  oxidation.  In  recent  years  X-ray 
photoelectron  spectroscopy,  XPS,  has  played  a  substantial  part  in  developing  this  understanding. 
The  interaction  of  oxygen  with  alloys  and  amorphous  metals  has  been  less  extensively  studi^ 
than  the  individual  crystalline  metals^^>*^  Low  and  medium  temperature  thermal  oxidation 
processes  have  some  strong  commonalities  with  electrochemical  oxidation  processes  as  the 
recent  works  by  Ritchie  and  co-workers *2, 13  emphasized.  A  typical  metal  oxide  system  can 
be  described  in  terms  of  four  regions  (see  Figure  1):  (A)  the  metal  or  alloy  bulk.  (B)  a  thin 
amorphous  oxide  layer  at  the  metal/oxide  interface,  (C)  a  uniform  ctystalline  oxide  layer  and  (D) 
a  thin  outer  layer  where  the  metal  is  in  its  highest  oxidation  state.  The  study  of  fhe  thermal 
oxidation  of  metals  and  alloys  has  been  extensively  studied  in  our  laboratory  by  XPS  and  this 
work  will  be  summarized  and  related  to  both  electrochemical  and  thermal  models. 

Surface  Reactivity 

Surface  reactivity  involves  the  mutual  interactions  between  the  metal  surface  and  the 
reactants  and  is  linked  to  the  electronic  and  geometric  structure  of  surfaces  and  their  defect 
structure.  We  have  been  studying  the  reactivity  of  oxygen  with  metals  in  the  amorphous  state, 
since  they  are  structurally  and  chemically  homogeneous  while  the  crystalline  state  has  grain 
boundaries,  precipitates,  segregates,  and  dislocations.  Hashimoto'^  concluded  that  for  surface 
reactivity  studies  the  amorphous  state  provides  a  good  contrast  to  the  crystalline  state.  Insight 
into  the  nature  of  the  chemical  interactions  that  are  responsible  for  the  unusual  surface  properties 
of  amorphous  metals  will  further  our  fundamental  understanding  of  the  influence  of  surface 
defects  on  gas-solid  reactions In  addition  to  providing  valuable  information  on  the 
fundamentals  of  alloy  oxidation,  passivation,  anodization  and  corrosion,  the  results  are  very 
pertinent  to  oxidative  changes  affecting  heterogeneous  catalysis  by  alloys  where  better 
understanding  is  coming  from  concurrent  study  of  the  crystalline'^-24  and  the  amorphous 
state25-27.  Oxidative  surface  reactivity  of  metals  and  alloys  can  be  divided  into  two  very  related 
areas  of  thermal  and  electrochemical  processes.  These  areas  will  be  introduced  and  shown  to  be 
quite  similar  in  their  theoretical  interpretation. 
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Thermal  Reactions.  We  have  shown  in  our  surface  studies  (see  Table  1)  of  post 
chemisorptive  oxidation  of  Cu-Mn28,  Ag-Mn^^,  Ni-Zrl*'20,  Ni-Ti^l,  Ni-Hf^^^  Ti-Cu24,27  and 
Ti-Al24.30  that  the  parameters  that  control  alloy  oxidation  can  be  delineated  and  that  selective 
oxidation  of  the  components  combined  with  ion  movement  are  the  key  components  of  the 
surface  layer  growth  and  subsequent  structure.  In  general,  oxidation  can  be  discussed  in  terms  of 
the  modified  Cabrera  and  Mott  model*: 

AO  =  -AGV2e  +  (kT/2e)ln[4e2N,(ao2)'^x/kTe£o] 

where  -AG°f  is  the  free  energy  of  formation  of  oxygen  anions  at  the  surface  (approximated  by  the 
free  energy  of  formation  of  the  oxide  per  oxygen  atom),  plus  a  term  related  to  the  temperature,  T; 
the  total  number  of  surface  O^-  ions  in  unit  area  of  surface,  Ng,;  the  oxygen  activity,  the  film 

thickness,  x;  the  electronic  charge,  e;  the  relative  electron  permittivity  (the  dielectric  constant),  £; 
and  the  electron  permittivity  in  vacuum,  Zq. 

Electrochemical  Oxidation.  Electrochemical  oxidation  is  complicated  by  the  presence 
of  water,  ions  and  the  reaction  which  suppl  s  oxide  ions:  OH*  =  H+  +  O^*.  However  the  exact 
mechanism  of  O^-  formation  in  thermal  oxidation  is  not  known,  even  though  this  reaction  is 
probably  the  key  reaction  driving  the  oxidation  process  through  the  electric  fields  it  produces. 
This  can  involve  O^*  or  other  surface  species,  either  charged  (0*,02*)  or  uncharged  (O2, 0).  The 
progress  in  understanding  metal  oxidation  is  illustrated  by  the  recent  series  of  papers  of 
D’Alkaine  and  co-workers31'33  on  the  electrochemical  oxidation  of  niobium.  These  authors 
consider  two  of  the  three  interfaces,  illustrated  in  Figure  1,  as  well  as  the  bulk  of  the  oxide  layer 
in  their  models.  There  has  been  some  very  important  progress  in  understanding  the  anodic 
oxidation  of  alloy s^^.  Here  selective  oxidation,  dissolution  and  interdiffusion  are  being 
considered.  Seo  and  Sato^^  discuss  surface  enrichment  and  its  effect  on  passivation.  Heusler^^ 
and  Kirchheim^^  have  considered  the  phenomenological  description  of  these  processes.  The 
advances  in  electrochemical  oxidation  of  alloys  is  illustrated  with  the  recent  work  of  Marcus  and 
GrimaP*  on  the  nature  and  composition  of  the  passive  film  on  Ni-Cr-Fe  alloys.  Here 
determination  of  the  physical  nature  of  the  passive  layer  (bilayer  structure,  composition, 
chemical  states  of  the  elements,  distribution  of  the  species  in  the  film,  and  film  thickness)  and  the 
importance  of  hydroxides,  selective  dissolution  of  Ni  and  Fe  and  surface  enrichment  of 
chromium  to  the  dissolution  and  passivation  phenomena  have  allowed  the  passivation 
mechanisms  to  be  divided  in  three  steps:  (1)  enrichment  of  chromium  at  the  alloy  surface  by 
selective  dissolution  and  adsorption  of  hydroxyl  ions,  (2)  growth  of  Cr203  islands  within  an 
hydroxide  layer  and  (3)  formation  of  a  thin,  continuous  and  compact  chromium  oxide  layer 
covered  with  hydroxide.  Characterization  work  of  this  nature  is  allowing  continued  progress  in 
the  development  of  models  and  theory  of  electrochemical  oxidation. 

Theory  and  Models 

The  thermodynamic  driving  force  for  the  oxidation  reaction  can  be  considered  as  the 
change  in  the  standard  free  energy  resulting  from  the  formation  of  the  oxide  from  the  reactants 
and  is  negative  for  all  metals.  In  electrochemical  processes,  much  of  the  work  has  considered  the 
applied  voltage  to  be  used  for  the  electric  field  inside  the  film,  thus  ignoring  the  contributions  of 
the  metal/oxide  and  the  oxide/solution  interfaces.  In  general,  the  hopping-motion  model  has 
been  used  or  modified  to  account  for  some  anomalous  effects^^'^2  jn  addition,  an  ionic  motion 
model  based  on  a  non-simultaneous  place  exchange,  as  proposed  by  Fromhold^^  has  been 
considered'^.  The  phenomenological  equation  relating  the  field  strength  and  the  current  density 
for  this  modified  model  is  the  same  as  that  for  the  hopping -motion  model.  If  the 
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metal/oxide/solution  system  is  considered,  three  kinds  of  overpotential^^  should  be  accounted  for 
by  the  equation  for  the  potential,  E: 


E  =  Tlin/f  +Tlf  +  n«s  +  Eo 

where  Eq  is  a  constant  that  depends  on  the  reference  electrode  and  the  junction  potentials  and 
‘Hf  ^f/s  tu’c  the  metal/oxide,  oxide  film  and  oxide/solution  interface  overpotentials, 

respectively.  D'Alkaine  and  co- workers^  showed  the  importance  of  the  electric  field  as  the 

sole  driving  force  for  the  anodic  oxidation  (see  Figure  2). 

The  mechanism  for  thermal  oxide  formation  may  be  divided  into  two  parts.  The  first  step 
is  the  formation  of  a  continuous  oxide  and  involves  the  adsorption  and  dissociation  of  oxygen, 
metal/oxygen  place  exchange,  possible  oxygen  absorption,  and  oxide  nucleation.  The  second 
step  is  continued  oxide  growth  or  thickening,  which  involves  the  transport  of  anions  and/or 
cations  across  the  initially  formed  continuous  oxide  film. 

The  initial  stage  of  the  reaction  of  a  clean  metal  surface  with  gaseous  oxygen  is  the 
adsorption  of  oxygen  on  the  metal  surface.  This  adsorption,  which  appears  to  be  dissociative 
with  essentially  zero  activation  energy^^,  results  in  a  decrease  in  the  surface  free  energy  and  is 
exothermic.  Oxygen  is  highly  electronegative  and  has  a  large  affinity  for  electrons  (2-3 
kcal/mole)  -  great  enough  to  overcome  the  work  function  of  the  metal  surface.  Therefore, 
electrons  from  the  surface  metal  atems  are  transferred  to  the  adsorbed  gas  "atoms  or  molecules’" 
vacant  energy  levels  which  lie  below  the  Fermi  level  of  the  metal.  The  resulting  bond  is  believed 
to  be  largely  ionic;  however,  in  cases  where  the  unpaired  d  electrons  of  transition  metals  are 
involved,  the  bond  may  also  be  partially  covalent.  The  chemisorbed  oxygen  produces  a  dipole 
layer  with  the  positively  charge  end  directed  toward  the  metal  surface. 

Two  possible  locations  have  been  postulated  for  the  chemisorbed  oxygen  on  the  metal 
surface.  One  possibility  involves  little  or  no  rearrangement  of  the  surface  metal  atoms.  The 
second  possibility  involves  reconstruction  of  the  metal  surface  such  that  the  surface  layer 
consists  of  both  metal  and  oxygen  atoms.  The  latter  occurs  by  a  place  exchange  mechanism  first 
proposed  by  Lanyon  and  TrapnelH^.  During  place  exchange,  an  interchange  of  adsorbed  oxygen 
atoms  and  the  surface  metal  atoms  takes  place  assisted  by  the  heat  of  chemisoiption.  The 
product  of  place  exchange  is  a  'suboxide’  in  which  an  oxygen-metal  bonds  exist,  but  not  in  the 
three  dimensions  of  a  true  oxide.  The  oxygen  atoms  in  this  subsurface  layer  may  diffuse  further 
into  the  bulk  metal,  or  react  with  neighboring  atoms  to  undergo  nucleation  (both  of  these 
processes  may  occur  simultaneously).  The  formation  of  subsurface  layers  of  oxygen/suboxides’ 
and  true  oxides  occurs  via  surface  or  internal  nucleation  for  many  metals^.  The  dissolution  of 
oxygen  into  the  metal  surface  region  may  also  occur.  Oxygen  entering  the  metal  lattice  via 
reconstruction  may  be  considered  to  form  a  solid  solution.  Transition  metals,  particularly  those 
in  Groups  IVA  (Ti,  Zr,  Hf)  and  VA  (V,  Nb,  Tb),  interstitially  dissolve  considerable  amounts  of 
oxygen.  The  dissolved  oxygen  in  these  metals  is  presumed  to  be  located  in  octahedral  positions. 
Bouillon  concluded  that  oxygen  dissolution  and  formation  of  surface  oxide  are  competing 
reactions  and  the  precipitation  of  oxide  nuclei  occurs  as  a  result  of  supersaturation  of  the  surface 
metal  region^^.  Mitchell  and  Lawless^^  proposed  that  the  formation  of  oxide  nuclei  removes 
considerable  amounts  of  oxygen  from  solution  and  that  oxygen  subsequently  adsorbed  reacts 
more  easily  with  existing  nuclei  than  going  into  solution.  B6nard^^  has  suggested  that  diffusion 
of  surface  oxygen  to  growing  nuclei  can  result  in  zones  of  oxygen  depletion  surrounding  the 
oxide  nuclei  in  which  no  additional  nuclei  can  form. 

Following  the  formation  of  the  oxide  nuclei,  lateral  growth  of  the  nuclei  occurs.  The 
nuclei  will  proceed  to  grow  laterally  across  the  surface  until  a  continuous  oxide  film  forms.  The 
rate  limiting  process  in  this  stage  of  oxide  growth  may  be  the  adsorption,  surface  diffusion  or 
capture  of  oxygen.  The  initial  step  in  the  oxidation  reaction  after  the  formation  of  a  continuous 
oxide  overlayer  continues  to  be  the  adsorption  of  oxygen  on  the  surface.  Some  oxides  are 
semiconductors  or  become  so  at  high  temperatures  and  oxygen  has  a  large  electron  affinity; 
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therefore,  a  transfer  of  electrons  from  the  oxide  to  the  adsorbate  will  most  likely  occur.  Thus,  the 
adsorbed  oxygen  species  are  expected  to  be  negative  ions  such  as  O',  O^*,  or  02'  on  oxides 
thinner  than  the  tunneling  length  of  electrons.  The  chemical  reaction  between  a  metal  and 
gaseous  oxygen  can  be  written  as 

aM(s)  +  W2  02(g)  -->  MaOb(s)  ( 1 ) 

and  can  divided  into  the  nine  steps  depicted  in  Table  2  (after  Bailey  and  Ritchie^^): 


Table  2 

Nine  Electrochemical  Steps  in  the  Overall  Reaction* 


Step  No. 

(s) 

Step 

Stoichiometric  No. 
(Vs) 

7 

M  ->  (M2+I M)  +  z+eM 

a 

1 

eiA  ->  ^0 

az+ 

2 

(M^+l  M)  +  Ao  ->  (M^-^l  A)o 

a 

3 

«0  -> 

az+ 

4 

(Mz+I  A)o  +  AL  ->  (M^+l  A)l  +  Ao 

a 

8 

02(g)  +  S  ->  (O2I  S) 

b/2 

5 

4eL  +  (O2I  S)  +  S  ->  2(02-|  S) 

b/2 

6 

(Mz+I  A)l  +  S'  ->  (M^+l  S')  +  Al 

a 

9 

a(Mz+l  S')  +  b(02-|  S)  ->  MaOb  +  aS’  +  bS 

1 

*M  represents  a  metal  atom  that  reacts  with  O2  in  the  ratio  a:b/2  to  form  the  oxide 
MaOb;  (M^+l  M)  represents  a  metal  cation  of  charge  z+e  situated  within  the  metal 
at  the  metal-oxide  interface;  depending  on  the  context,  e  represents  either  the 

magnitude  of  the  electronic  charge  or  an  electron;  (M^+l  A)  represents  a  cation  on 
an  interstitial  site  A  within  the  oxide;  (M^+l  S')  represents  a  cation  at  a  surface  site 
S'  on  the  oxide-oxygen  surface;  (O2I  S)  and  (O^i  S)  represent  an  oxygen  molecule 
and  an  oxide  ion,  respectively,  adsorbed  at  a  site  S  on  the  oxide-oxygen  surface; 
and  the  subscripts  M,  O,  and  L  indicate  the  metal  at  the  metal-oxide  interface  and 
the  oxide  at  the  metal-oxide  (x=0)  and  the  oxide-oxygen  (x=L)  interfaces, 
respectively.  The  stoichiometric  number  for  steps  s  (i.e.,  the  number  of  times  that 

step  s  must  occur  for  the  formation  of  one  molecule  of  MaOb  is  given  by  Vs. 

Steps  7-9  are  those  chemical  steps  where  no  charge  transfer  occurs.  Steps  1-6  are  the 
electrochemical  steps,  involving  the  transfer  of  electrons  or  interstitial  cations  across  either  an 
interface  or  the  oxide  layer.  Following  the  treatment  of  Bailey  and  Ritchie^^  the  importance  of 
the  reactions  will  be  illustrated. 

The  cell  potential,  Ecell.  for  the  above  reaction  in  terms  of  the  Gibbs  free  energy  and  AGs, 
the  free  energy  change  for  step  s,  AGm=  Z  Vs  AGs,  (s=l-9)  is 

Ecell  =  -  AGm/ne  (2) 

AGs  =(ZjVj^'j)s  (3) 


3994 


where  n  =  total  number  of  electrons  transferred,  j  is  the  various  reactants  and  products  of  step  s, 
and  Vj 's  are  the  stoichiometric  coe^icients  of  the  reactants  (vj  <  0  )  and  products  (vj  >  0 )  and 

p'j  are  the  corresponding  electrochemical  potentials. 

Step  1  (eM  — >€f)  is  used  to  illustrate  the  analysis  of  the  electrochemical  steps  1-6,  for; 

AGi  =  (Ij  Vj  p'j)i  =  p'(e)o  -  4’(e)M  (4) 

where  M.'(e)o  and  p'(e)M  are  the  electrochemical  potentials  for  the  electron  in  the  oxide  and 
metal,  respectively.  In  terms  of  the  chemical  potentials,  pj  and  electrostatic  potentials,  <|>j: 

(Ij  Vj  pj),  =  [p(e)o  -  P(e)M]  -  e(A(j)i)  (5) 

where  A<l>i  =  <|)o  -  <t>M-  If  step  1  occurs  rapidly  as  compared  to  the  overall  reaction  rate,  it  will 

be  in  virtual  current  equilibrium  and  AGi  «  0.  The  equilibrium  potential,  for  step  1  is 

defined  as; 


^  l(eq)=  '  H(e)Ml/e  =  AGi/e  +  A<j)i  (6) 

when  step  1  is  rapid,  AGi  =  0,  then  A<l>i  =  The  above  equation  can  be  rewritten  as; 

AGi  =  (Ij  Vj  p’j)i  =  -e(A(|)i  -  Vj(^)  =  -etiti  (7) 

where  (A<|)i  -  is  the  electrostatic  potential  difference  across  the  metal-oxide  interface  for  a 
reacting  system  minus  the  hypothetical  potential  difference  that  would  exist  if  the  system  were  in 
virtual  current  equilibrium.  The  expression  (A<|)i  -  V^g^^)  can  be  viewed  as  the  charge-transfer 
overpotential^®,  for  step  1,  Tip  or  for  step  s.  Treating  steps  1-6  similarly  gives: 

’Vs(cq)  =  -fSj''j  (8) 

AGs  =  -ZsCTlts  (9) 

For  steps  1  and  2,  Aijij  =  Aijij^Q,  the  potential  difference  across  the  metal-oxide  interface,  for  steps 
3  and  4,  A(|>j  =  A<|)Qp,  the  potential  difference  across  the  oxide  film,  and  for  steps  5  and  6,  Aiji^  = 

^^OG’  potential  difference  across  the  oxide-gas  int-irface.  The  concept  of  a  charge-transfer 
overpotential  has  been  applied  to  the  transfer  of  electrons  and  interstitial  cations  across  the 
metal/oxide  interface,  through  the  oxide  film  and  across  the  oxide/gas  interface.  For  those  steps 

in  virtual  current  equilibrium,  AGg  and  Tits  =  0  . 

The  summation  for  AGs  can  be  divided  into  two  parts  -  one  part  for  s  =  1  to  6  and  the 
other  for  s  =  7  to  9.  Substituting  AGs  =  -ZsC^ts  gives 


s=6  s=9 

s=l  s=7 


(10) 
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where  the  value  of  VgZg  equals  ±n  and  the  positive  sign  applies  to  those  steps  that  involve  cation 
transport,  for  which  ills  <  0.  For  those  steps  that  involve  electron  transport,  VsZs  equals  ±n  and 
Tits  >  0-  For  s=l-6  VsZsCHts  =  -nelqisl  and: 


Ecdl='“'"/4=IK|-(%c)lVG.  (ID 

s=l  s=7 

This  equation,  according  to  Bailey  and  Ritchiel^,  is  the  fundamental  ^nation  in  corrosicHi. 
Considering  the  oxygen  reduction  reaction,  the  cathodic  reaction,  step  S  times  1/2  and  the  metal 
oxidation  or  anodic  reaction,  step  7,  Eq.  1 1  becomes: 

EceU  =  li1i5/2  •  -  (a)AG7/2e  (12) 

where  the  anodic  reaction  and  other  reactions  in  Table  2  are  considered  to  be  in  virtual 

equilibrium  and  AG7=0.  Thus  Ecell  =  I-  Using  T|t5/2  =  (l/2e)[AG5/2  -  AG°5/2]  for  the 
cathodic  reaction,  equation  (12)  can  now  be  written  as: 

Ecell  =  (l/2e)[AG5/2  -  AG“5/2]  =  -AG°5/2/2e  +  (kT/2e)ln(l/K5/2)  (13) 

where  K5/2  =  {[a(o2-)l/[^(e)]^[a(02)]*^}*  Equation  13  is  the  Nemst  equation  for  gas  phase 
oxidation.  Using  Ecell  =  -AGg/ne  =  [A<|)s-Vj(gqj]  the  Nemst  equation  can  now  be  written  in  terms 
of  "equilibrium  potentials"  that  Bailey  and  Ritchie*^  have  used  before: 

V5/2(eq)  =V*5/2(cq)  +  (kT/2e)ln(K)  (14) 

where  V*5/2(eq)  is  the  equilibrium  potential . 

For  thermal  oxidation,  Atkinson^,  as  Grimley^l  did  earlier,  assumes  that  the  adsorbed 

layer  of  ions  is  in  equilibrium  with  the  gas  and  provides  the  surface  charge  and  the  voltage,  A(|>, 
across  the  film.  This  electron  transfer  and  adsorption  reaction,  one  half  of  step  5  in  Table  2  is: 

2eL  +  1/2(021  S)  +  S  ->  (02-1  S)  (15) 

Assuming  equilibrium,  gives  the  equilibrium  constant  as 

K5/2  =  a(02-)/a(02)*^a(e)2  =  exp(-AG5/2/kT)  (16) 

Where  AG5/2  is  the  standard  free-energy  change  when  the  surface  coverage  of  excess  02-  ions  is 

low,  a(02-)  =  n(/Ns ;  where  no  is  the  number  of  excess  02-  ions.  Ns  is  the  total  number  of  02- 
ions^unit  area  of  the  surface,  a(e)  is  the  activity  of  an  electron  with  respect  to  the  Fermi  energy  of 

the  metal  and  is  equal  to  exp(-eA<{>/kT).  Substituting  gives: 

K5/2  =  n(/Nsa(02)*/2[exp(<A(l)/kT)]2  =  exp(-AG5/2/kT)  ( 17) 
no  =  Nsa(02)*^xp[-(AG5/2+2eA<j))/kTl  (18) 
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Treating  the  film  and  the  surface  charges  as  a  simple  capacitor  (no  =  ££o^/2eX)  allows  the 
surface  excess  of  oxygen  ions  to  be  calculated  and  solving  for  A<|>  gives  the  following: 

2eA(>/kT  +  ln[2eA<l>/kTl  =  -AGspflsT  +  ln[4e2Nsa(02)'/2xAcTeEol  (19) 

A<|>  =  -AG5/2/2e  +  [kT/2e]ln[4e2Nsa(02)*'2X/kT££ol  (20) 

where  eA<)>AT»l  allows  the  ln[2eA<{>/kT]  to  be  neglected.  Ai)>  is  strongly  dependent  on  the  free 
energy  change  of  the  reaction  and  on  temperature  T,  but  is  only  weakly  dependent  on  a(C>2)  and 
thickness  X.  Equations  20  and  13  are  identical  when  the  dielectric  properties  of  the  oxide  layer 
and  the  above  definitions  for  a(e)  and  a(C)2')  are  considered  for  the  latter. 

The  rate-controlling  process  is  the  injection  of  a  defect  into  the  oxide  at  either  interface  1 
or  3.  An  example  is  shown  in  Figure  3  for  a  cation  conductor  such  as  cuprous  oxide^2.  Lattice 
imperfections,  as  shown,  are  important  in  the  motion  of  ionic  carriers. 

An  Alloy  Example:  Ti-AI  and  Ti-Cu  Alloys 

In  the  present  work,  we  have  selected  Ti-Cu  and  Ti-Al  alloys  for  (tiscussion,  because  each 

represents  an  extreme  in  the  differences  in  AG°f,  or  (-AG°f),  of  the  elemental  oxides,  as 
illustrated  by  Table  3. 


Table  3 

Free  Energies  of  Formation  of  the  Oxides  per  Mole  of  Oxygen 


Oxide 

-AG®f  (KJ/mole  oxygen) 

AI2O3 

5273 

CU2O 

14513 

CuO 

129.7 

TK5 

55513 

Ti203 

478.1 

Ti02 

444.8 

The  Ti-Cu  and  Ti-Al  alloys  were  made  in  the  co-condensation  chamber  attached  to  the  XPSAJPS 
analysis  system  as  depict^  in  Figure  4.  After  deposition  the  samples  were  analyzed  and  exposed 
to  oxidizing  environments  in  the  separate  reaction  chamber.  The  alloys  have  been  given 
identical  oxidation  treatments  in  controlled  atmospheres  in  order  to  obtain  insight  into  what 
controls  alloy  oxidation.  In  order  to  document  the  surface  reactivity  of  the  selected  alloys.  X-ray 
photoelectron  spectroscopy  (XPS)  has  been  utilized  since  this  technique  is  very  powerful  not 
only  in  determining  the  elemental  composition  of  the  near-surface  region  at  the  gas-solid 
intt^ace,  but  also  in  providing  the  chemical  nature  or  oxidation  state  of  the  elements  comprising 
the  analyzed  region  (few  to  50  A's).  Using  the  techniques  and  equipment  described  elsewhere24, 
surface  reactivity  studies  were  conducted  on  co-condensed  Ti36Cu64  and  Ti36Al64  alloys. 
Changes  in  the  Ti(2p),  Cu(2p),  Al(2p),  0(ls),  C(ls),  Cu  Auger,  and  Ti  Auger  regions  were 
monitored  as  the  samples  were  subject^  to  a  series  of  vacuum  anneals  and  dermal  oxidation 
treatments.  The  latter  will  be  emphasized  here  and  their  XPS  spectra  are  shown  in  Figure  S.  A1 
has  not  been  observed  to  oxidize  stepwise  and  goes  rapidly  to  Al^'*'.  Ti  and  Cu  have  been 
observed  to  oxidize  stepwise.  Ti  oxidizes  as: 
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Cu  oxidizes  as: 


Ti  +  I/2O2 
2Ti2+  +  202-  +  I/2O2 

Ti3+  +  3/202-  +  1/402 


— >  Ti2+  +  02 
-->  2ri2++  302 
— >  202 


2Cu-^l/202  — >  2Cui-^  +  02- 
2Cui++  02-  +I/2O2  — >  2Cu2+  +  202- 

The  rate  of  oxidation  of  the  various  components  are  predicted  to  be  in  the  following  order:  AP+ 
>  Ti2+  >  Ti3+  >  TH+  >  Cul+  >  Cu2+  by  examining  Table  3. 

Ti34Cu64  Alloy:  The  X-ray  photoelectron  spectra  presented  in  Figures  5a  and  Sb  show 
the  Ti(2p)  and  Cu(2p)  regions,  respectively,  for  the  oxidiz^  Ti36Cu64  alloy  sample.  Since  it  is 
not  possible  to  unambiguously  distinguish  metallic  Cu  from  CU2O  in  the  2p  region,  we  have 
examined  the  kinetic  energy  values  for  the  Cu  L3VV  region.  Ti  is  almost  exclusively  Ti(0) 
(small  asymmetry  indicates  very  small  amount  of  Ti2+)  in  the  as-deposited  state.  The  copper  is 
metallic  copper,  Cu(0).  Titanium  undergoes  stepwise  oxidation  with  TiO,  Ti203,  and  Ti02 

initially  present  at  the  surface  at  1(X)°C.  It  may  be  recalled  from  Table  3,  that  the  -AG°f  value  of 
TiO  is  larger  than  that  for  Ti3+  and  Ti^+  and  much  larger  than  that  for  either  copper(I)  or 
copper(II)  oxide,  hence  the  observed  oxidation  states  of  the  alloy  components  are  not 
unexpected.  As  the  temperature  is  increased,  the  titanium  continues  to  oxidize  until  S(X)°C,  at 
which  point  the  oxide  is  exclusively  Ti02.  In  both  vacuum-annealing  and  thermal  oxidation 
treatments,  it  is  observed  that  the  copper  is  almost  completely  overgrown  by  titanium  oxides. 
However,  unlike  the  vacuum-anneal  experiments,  as  the  temperature  is  increa^  to  600°C  in  the 
thermal  oxidation  studies,  there  is  a  dramatic  reappearance  of  the  Cu(2p)  signal.  Evidently,  the 
combination  of  high  temperature  and  high  oxygen  partial  pressure  is  necessary  to  drive  the 
oxidation  and  subsequent  migration  of  copper  species  back  to  the  surface.  A  closer  examination 
of  the  Cu  L3VV  region  reveals  that  the  surface  copper  that  is  incorporated  in  the  oxide  overlayer 
is  in  the  form  of  Cu*+.  This  observed  phenomenon  could  have  significant  catalytic  applications 
since  Cul'*’  species  have  been  postulated  to  be  active  catalytic  centers  for  processes  such  as 
methanol  synthesis^^,  although  this  issue  is  still  controversial^^.  The  monovalent  copper  species 
that  is  formed  at  6(X)®C  in  oxidizing  atmospheres  could  be  present  as  either  copper(I)  oxide  or  as 
copper(I)  titanate.  It  is  not  possible  to  discriminate  between  these  two  species  by  solely 
comparing  their  respective  Cu(?p)  or  Cu  L3VV  regions.  However,  we  did  detect  a  0.5  eV  shift 
to  lower  binding  energy  in  the  Ti^+  peak  as  the  temperature  was  increased  from  500°C  to  600°C. 
This  shift  may  correspond  to  the  rearrangement  of  the  TH+  ions  from  the  Ti02  phase  to  the 
Ti032-  form.  Similar  shifts  have  been  observed  by  Munuera  and  co-workers^^  for  NiTi03 
crystals.  Further  studies  are  underway  to  confirm  the  existence  of  the  titanate  phase. 


Ti34Al64  Alloy:  The  as-deposited  Ti36Al64  alloys  were  examined  by  XPS  and  the 
resulting  Ti(2p)  and  Al(2p)  regions  are  presented  in  Figures  5c  and  5d,  respectively.  In  this  alloy 
system,  the  Ti  on  the  surface  is  metallic  Ti(0)  in  nature.  Al,  on  the  other  hand,  is  partially 
oxidized,  as  inferred  from  the  A1(0)  peak  at  71.2  eV  and  the  A  1(3+)  (AI2O3)  pe^  at  73.8  eV. 
The  minimal  amount  of  oxygen  present  in  the  residual  gas  is  scavenged  by  aluminum,  thereby 
resulting  in  an  Al-rich  (ca.  75%  of  total  metal  content)  overlayer  of  passive  alumina.  The 
enhanc^  aluminum  surface  concentration  and  the  presence  of  a  thin  A1^3  layer  at  the  surface 

can  be  attributed  to  the  slightly  larger  -AG®f  for  AI2O3  over  that  of  the  lower  valence  titanium 
oxides  (see  Table  3). 

In  a  recent  study  of  aluminum  oxidation  by  Raman  spectroscopy^^,  the  transformatia? 
from  an  amorphous  to  a  more  structurally  ordered  Y-AI2O3  is  shown  to  be  accompanied  by  an 
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increase  in  octahedral  coordination  of  ions.  This  change  in  coordination  number  (from  four 
in  a  tetrahedral  site  to  six  in  an  octahedral  site)  causes  a  change  in  the  electronic  environment  of 
the  A13+  cation.  It  has  been  demonstrated  that  XPS  can  be  utilized  to  differentiate  between 
amorphous  and  crystalline  alumina^^-^^.  The  passive  AI2O3  layer  that  forms  initially  on  the  Ti- 
A1  alloy  was  shown  to  be  amorphous  in  nature,  as  manifested  by  the  Al(2p)  binding  energy  at 
73.8  eV.  Al(2p)  binding  energy  values  for  crystalline  aluminum  oxide  in  the  literature  range  from 
74.3  to  74.7  eV58.59  Vacuum-anneal  results  also  showed  the  general  trend  to  be  (a)  as  the 
temperature  increases,  there  is  an  increase  in  the  oxidation  state  of  titanium  at  the  surface,  and  (b) 
oxidation  of  surface  aluminum  continues  until  finally  at  600®C,  primarily  AI2O3  species  are 
observed.  Vacuum  annealing  produced  a  slight  increase  in  the  A1  surface  concentration  with  a 
greater  rate  of  change  above  300°C,  a  temperature  that  corresponds  with  the  transformation  of 
the  alumina  from  the  amorphous  to  the  crystalline  state.  According  to  Fehlner  and  Mott^, 
structural  reorganization  of  oxide  films  is  not  a  surprising  phenomenon,  and  the  crystallization  of 
an  amorphous  oxide  overlayer  can  be  aided  by  high  fields,  strain  due  to  lattice  mismatch  between 
the  oxide  and  underlying  metal  and  the  presence  of  impurities  (particularly  water).  In  contrast  to 
the  Ti-Cu  alloy,  decomposition  of  the  Ti^*  oxide  through  oxygen  absorption  into  the  bulk  is  not 
as  significant  in  Ti36Al64  as  it  is  in  Ti36Cu64  due  to  a  lower  solubility  of  the  oxygen  in  the  TLAl 
alloy  or  by  the  inclusion  of  the  Ti^"*"  oxide  in  the  AI2O3  overlayer  which  is  known  to  be  very 
stable.  Results  from  oxidation  of  the  Ti36Al64  alloys  are  presented  in  Figure  5c  and  5d.  As  the 
temperature  was  increased  to  100°C  during  the  thermal  oxidation  treatments,  the  Ti36Al64  alloy 
showed  slight  enhancement  in  aluminum  at  the  surface  as  a  result  of  aluminum  oxide  formation. 
As  shown  by  Figure  5d,  there  is  the  appearance  of  a  shoulder  on  the  high  binding  energy  side  of 
the  A1  (2p)  peak  (73.8  eV),  possibly  indicating  the  formation  of  the  crystalline  AI2O3  at  this  low 
temperature.  The  formation  of  the  crystalline  oxide  occurs  200  degrees  earlier  than  in  the 
vacuum  anneals.  In  the  higher  oxygen  pressure,  an  increased  electric  field  is  expected  to  develop 
across  the  oxide  film  and  a  greater  lattice  strain  could  result  from  the  more  rapid  oxidation  of  the 
aluminum  as  compared  to  the  vacuum-anneal  treatments.  Either,  or  both,  of  these  factors  could 
contribute  to  the  crystallization  of  the  oxide  at  the  lower  temperatures.  At  300'’C,  the  oxidation 
of  A1  is  nearly  complete,  this  corresponds  to  (a)  the  onset  of  titanium  enrichment  in  the  surface 
region,  and  (b)  the  continued  oxidation  of  titanium  and  the  lower  valence  titanium  oxides  to  Ti02 
by  5()0°C.  Note  that  this  enrichment  of  titanium  occurs  only  in  the  presence  of  increased  oxygen 
pressure  and  higher  temperatures  on  the  Ti-Al  alloy.  This  is  expected  from  a  comparison  of  the 

-AG°f  for  the  formation  of  AI2O3  with  that  of  the  -AG®f  for  the  oxides  of  titanium.  Titanium 
undergoes  stepwise  oxidation  forming  (a)  TiO  at  1()0°C,  (b)  TiO,  Ti203,  and  Ti02  from  200- 
400°C,  and  (c)  continued  oxidation  to  Ti02  by  600°C.  This  is  in  agreement  with  the  work  of 
Carley  and  co-workers6^>62^  which  showed  that  on  pure  titanium  as  the  oxygen  surface 
concentration  increases,  increasing  amounts  of  TiC)2  are  formed  relative  to  the  lower  oxides  of 
titanium. 


Conclusions 

Although  alloy  oxidation  has  a  rich  and  complex  chemistry  in  both  thermal  and  anodic 
oxidation,  XPS  has  been  shown  to  provide  valuable  input  into  determining  "who"  is  in  control. 
This  is  clearly  shown  to  be  the  potential  and  its  accompanying  electric  field  that  either  develops 
or  is  applied  during  thermal  or  anodic  oxidation  ,  respectively.  Low  and  medium  temperature 
thermal  oxidation  processes  show  strong  commonalities  with  electrochemical  oxidation 
processes  as  derived  by  Ritchie  and  co-workers*2.13  and  is  correlated  in  this  work  with  the 
treatment  on  thermal  oxidation  of  metals  by  Atkinson*. 

Comparing  the  thermal  oxidation  of  titanium- aluminum  and  titanium-copper  alloys 
(Ti36Cu64  and  Ti36Al64).  see  Figure  6,  delineates  the  important  aspects  of  the  oxide  formation 
process  and  in  both  thermal  oxidation  and  thermal  oxide  decomposition  (during  the  vacuum 
anneals).  The  Cabrera-Mott  treatment  of  thin  film  growth  predicts  that  the  driving  force  of  metal 
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oxidation  and  the  ensuing  ionic  mobility  through  the  oxide  is  a  function  of  not  only  the  -^G% 
but  also  the  temperature  and  oxygen  activity.  By  comparing  Ti-Cu  and  Ti-Al,  the  importance  of 

the  differences  in  the  -AG®f  of  the  alloy  components  is  better  understood.  Figure  6  shows  the 
overlayer  composition  of  the  two  alloys  at  various  temperatures  during  the  oxidation 
experiments.  Initially,  both  alloys  form  a  thin  («50A)  oxide  overlayer  that  follows  the  Cabrera- 

Mott  theory  if  the  -AG®f  data  in  Table  3  is  considered.  We  have  observed  that  titanium(Ti  to 
TiO  to  Ti2C)3  to  Ti02)  and  copper  (Cu  to  Cu20  to  CuO)  oxidizes  in  a  stepwise  fashion,  which  the 
Cabrera-Mott  model  (using  the  -AG°f  data)  predicts.  Aluminum  does  not  form  any  stable 
intermediate  oxides;  it  rapidly  forms  an  AI2O3  overlayer  on  the  alloys  at  low  temperatures  and 
low  oxygen  activity  as  predicted  by  the  second  term  of  the  C^brera-Mott  equation. 

Our  results  lead  us  to  the  following  conclusions:  (a)  the  component  with  the  larger  -AGf 
is  shown  to  preferentially  oxidize  and  segregate  to  the  surface,  (b)  the  magnitude  of  the  change  in 
the  M/(Ti  +M)  ratios  is  related  to  the  difference  in  the  -AGf  of  the  alloy  component  oxides,  and 

(c)  the  reappiearance  of  the  component  with  the  smaller  -AGf  is  related  to  oxygen  pressure  as  well 
as  temperature  and  is  not  solely  due  to  thermal  diffusion.  However,  the  Cabrera-Mott  model 
does  not  take  into  account  the  absorption  of  oxygen  into  the  bulk  which  was  found  to  be  an 
important  factor  in  the  vacuum  anneal  treatments  for  Ti36Cu64  alloys  at  higher  temp)eratures. 
The  Cabrera-Mott  model  does  app)ear  to  explain  most  all  the  nuances  of  alloy  oxidation,  if  as  the 

critical  developments  shown  in  this  paper  indicate,  the  -AGf  is  considered  on  a  p)er  oxygen  mole 
or  atom  basis.  It  provides  a  qualitative  guideline  for  predicting  alloy  oxidation  behavior. 

Bulk  alloy  composition  affects  the  degree  to  which  titanium  participates  in  the  formation  of  the 
oxide  overlayer  and  the  oxidation  state  of  the  titanium  in  the  oxide  overlayer.  Additionally,  the 
alloy  composition  affects  oxide  overlayer  formation  and  the  decomposition  of  the  higher 
titanium  oxides  at  high  temperatures  in  vacuum. 
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Table  1:  Summary  of  Our  Alloy  Studies  to  Date 


Alloy 

Interest 

Discoveries 

Cu-Mn 

Model  for  H(qx:alile  Oxidation 
Catalyst 

a.  Cu20  oxide  decomposition  due  to 
absorption  of  oxygen  in  bulk 
discovered  and  interpreted 

b.  Application  of  Cabr^ 

Mott  (C-M)  model  suspected 

Ag-Mn 

Model  Oxidation 

Catalyst 

a:  C-M  model  found  to  apply 

b.  Ag  oxides  only  at  highaOiP 

Ni-Zr 

Hydrogenation  Catalyst 
Precursor 

a.  Z1O2  instability  due  to  oxygen 
absorption  in  bulk  found 

b.  Found  carbide  formation  Reaction 

c.  C-M  model  confirmed 

d.  High  catalytic  activity 

Ni-Nb 

Hydrogenation  Catalyst 
Precursor 

a.  C-M  model  applies 

b.  Ni  less  dispers^  on  Nb205  after 
reduction  than  in  Ni^r02 

Ni-Zr-Al 

Hydrogenation  Catalyst 
Precursor 

a.  Ai203  segregation  dominates 

b.  AI2O3  acts  as  a  catalyst  poison 

Ti-Al 

Structural  Material 
&  Catalyst  Substrate 
PiTCursor 

a.  Co-condensed  amorphous 

15<Ti<60  At  %  stability  range 

b.  Bulk  composition  strongly 
affects  oxidation  properties 

c.  Phase  change  control  of 
surface  oxidation 

Ti-Cu 

Methanol  Synthesis  Catalyst 
Pi^ursor 

a.  TiC>2  and  Ti203  instability  found 

b.  Carbide  formation 

c.  Obeys  C-M  model 

Ti-Cu-Al 

Methanol  Synthesis  Catalyst 
Piwursor 

Plasma  control  of  surface 
composition  and  structure 

Ti-Ni 

Hydrogenation  Catalyst 
Prwursor 

a.  Obeys  C-M  Model 

b.  Hydride  formation  importance 

Ti-Ru-Si 

Hydrogenation  Catalyst 
and  Electrocatalyst 

Precursw 

A-C  Transition  at  526  ®C 
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Figure  I :  Schematic  diagram  of  a  typical  metal  oxide  system,  where  (A)  is  the 
metal  or  alloy  bulk.  (B)  is  a  thin  amorphous  oxide  layer  at  the  metal/oxide 
interface,  (C)  is  a  uniform  crystalline  oxide  layer.  (D)  is  a  thin  outer  layer 
where  the  m^  is  in  its  highest  oxidadoa  state,  (1)  is  the  metal/amorph^ 
oxide  interface,  (2)  is  the  amorphous  oxide/crystalline  oxide  interface  and  (3) 
is  the  oxide/gas  interface. 


Figure  2:  Schematic  diagram  of  effect  of  electric  field  on  the  potential  energy  of 
a  metal  kxi  at  the  metal/oxide  interface.  The  electric  field  may  be  generated 
by  the  formation  of  oxygen  anions  at  the  oxide  gas  interface  (i.e.  diermal 
oxidation)  or  by  an  qiplml  electric  field.  It  is  this  electric  Held  that  drives  the 
diffusion  of  ions  across  the  oxide.  (Figure  adapted  from  Atkinson^) 
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(a)  Defect  injection  at  themetal/oKide  interface 
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(b)  Defect  injection  at  the  oxide/oxygen  interface 


Figure  3;  Schematic  diagram  of  the  injection  of  a  defect  site  at  (a)  the 
metal/oxide  interface  and  (b)  the  oxide/oxygen  interface.  According  to  the 
Cabrera-Mott  model,  the  injection  of  the  defect  at  one  of  the  film  interfaces  is 
the  rate-controlling  step. 
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Figure  5:  (a)  Selected  Ti(2p)  XPS  spectra  of  T^Cu^  after  co-dqposition 
and  oxidation  at  successively  higher  tempertures. 

(b)  Selected  Cu(2p)  XPS  ^)TOtra  of  T^Citg4  co-deposition 
and  oxidation  at  successively  hi^cr  tempertures. 

(c)  Selected  Ti(2p)  XPS  spectra  of  TU^Al  54 after  co-deposition 
and  oxidation  at  successively  higher  tempertures. 

(d)  Selected  Al(2p)  XPS  sprotra  of  Ti3^Al  ^4  after  co-deposition 
and  oxidation  at  successively  higher  tempertures. 
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Figure  6:  Representation  of  the  proposed  oxide  overlayer  compositions  for 
Ti36Cu64  and  Ti36Al64  alloys  after  the  thermal  oxidation  treatments. 
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Idoitification  of  the  Chemistry  of  Corrosion  Films  Induced 
on  W-Ni-Fe  Alloys  by  Immersion  in  Aqueous  NaCl  Using  XPS 


A.  N.  Mansour 
Naval  Surface  Warfare  Center 
10901  New  Hampshire  Avenue 
Silver  Spring,  MD  20903-5000 

K.  L.  Vasanth 

Naval  Surface  Warfare  Center 
10901  New  Hampshire  Avenue 
Silver  Spring,  MD  20903-5000 


Abstract 

Tungsten  alloys  referred  to  as  “superalloys”  because  of  their  high  density  and  strength  are 
prepared  by  liquid  phase  sintering  in  which  tungsten  particles  are  dissolved  in  a  liquid  solution 
of  Ni-Fe,  Ni-Cu,  or  Ni-Co.  Despite  their  importance,  the  corrosion  characteristics  of  these 
alloys  are  not  yet  fully  understood.  In  this  investigation,  the  chemistry  of  corrosion  films  on 
two  W-Ni-Fe  superalloys  with  differing  composition  have  been  investigated  using  X-ray 
photoelectron  spectroscopy  (XPS).  XPS  is  a  surface  analytical  technique  which  provides 
elemental  and  chemical  analysis  of  the  near  surface  region.  The  chemistry  of  corrosion  products 
on  two  W-Ni-Fe  alloys  with  composition  98.5  W,  0.9  Ni,  0.6  Fe  and  94.8  W,  3.4  Ni,  1.9  Fe 
by  weight  percent,  hereafter  referred  to  as  alloys  K1  and  SI  respectively,  were  investigated. 
TTie  corrosion  films  were  induced  by  immersing  these  alloys  in  3.5  wt%  NaCl  solution  at 
ambient  laboratory  temperature  and  pressure  for  4  hours,  2,  10,  and  17  days. 

The  K1  alloy  exhibited  uniform  corrosion  while  the  SI  alloy  exhibited  non-uniform  corrosion 
reminiscent  of  localized  corrosion.  The  surface  of  the  SI  alloy  showed  black  colored  regions 
consisting  mainly  of  tungsten  products  and  brown  colored  areas  consisting  of  significantly 
greater  concentrations  of  Fe  and  Ni  compared  to  those  of  the  black  colored  regions.  Analysis 
of  the  XPS  data  indicates  that  the  chemical  and  structural  nature  of  Fe  in  the  corrosion  products 
of  both  alloys  is  similar  to  that  of  Fe  in  Fe304,  a  highly  oxygen  deficient  Fe203  in  which  Fe  is 
present  in  the  Fe*"*^  and  Fe’^  charge  states.  The  chemistry  of  nickel  in  the  corroded  alloys,  on 
the  other  hand,  is  similar  to  that  of  Ni  in  Ni(OH)2.  Tungsten  is  the  component  of  the  alloy 
which  is  least  affected  by  corrosion  induced  due  to  immersion  in  3.5  wt%  NaCl  solution  due  to 
the  formation  of  a  surface  film  coating  which  consisted  of  WO2  WO3.  However,  the  coating 
thickness  of  the  SI  alloy  was  greater  than  that  of  the  K1  alloy  indicating  higher  corrosion 
immunity  for  tungsten  particles  of  the  SI  alloy.  This  coating  was  also  present  on  the  surface 
of  the  control  samples  (no  immersion)  of  both  alloys. 

Key  terms:  W-Ni-Fe  superalloys,  chemistry  of  corrosion  films,  Fe304,  Ni(OH)2,  WO2,  WO3, 
sodium  chloride,  passivation,  and  X-ray  photoelectron  spectroscopy  (XPS). 
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Introduction 


Tungsten  alloys  referred  to  as  "superalloys”  because  of  their  high  density  and  strength  are 
important  engineering  materials  for  numerous  military  and  industrial  applications.'  In  military 
applications,  they  are  used  as  the  armor  piercing  core  of  medium  to  large  caliber  kinetic  energy 
ammunition  and  as  preformed  fragments  in  various  anti-craft  and  anti-missile  warheads. 
Industrial  applications,  on  the  other  hand,  include  counter  balances,  gyroscope  rotors,  and 
radiation  shields.  These  alloys  are  prepared  by  liquid  phase  sintering  in  which  tungsten  particles 
are  dissolved  in  a  liquid  solution  of  Ni-Fe,  Ni-Cu,  or  Ni-Co.*  The  outcome  of  this  process  is 
a  two  phase  structure  consisting  of  tungsten  particles  cemented  together  with  an  alloy  containing 
a  solid  solution  of  W-Ni-Fe,  W-Ni-Cu,  or  W-Ni-Co.  The  W  in  the  solid  solution  is  present  in 
very  small  quantities  compared  to  Fe,  Ni,  Cu,  or  Co. 

The  corrosion  characteristics  of  tungsten  alloys  with  various  alloying  elements  have  been  studied 
by  several  authors.  Andrew  et  al.^  reported  that  a  W-3.5  wt%  Ni-2.5  wt%  Co  alloy  readily 
corrodes  when  exposed  to  air  saturated  with  water  vapor.  Kogef*  observed  that  the  corrosion 
rate  for  a  W-3.5  wt%  Ni-1.5  wt%  Fe  alloy  increased  with  increase  in  pH.  Vasanth  et  al.*  and 
Vasanth  and  Dacres"  reported  on  the  polarization  resistance  measurements  and  pitting  studies  for 
five  W-Ni-Fe  alloys  immersed  in  3.5  wt%  sodium  chloride  (NaCl)  solution.  Based  on 
immersion  studies  of  these  five  alloys  in  natural  sea  water,  they  reported  a  corrosion  rate  of  less 
than  2  mils  per  year.  Furthermore,  Mansour  and  Vasanth’  reported  on  the  chemistry  of 
corrosion  products  of  two  W-Ni-Fe  (also  used  in  the  present  investigation)  induced  by  immersion 
in  3.5  wt%  NaCl  solution  using  X-ray  absorption  fine  structure  (XAFS)  spectroscopy.  In  that 
investigation,  a  highly  disordered  form  of  Fe203  was  revealed  as  the  major  component  of  the 
corrosion  products.  While  XAFS  revealed  some  oxidized  Ni  and  W  were  also  present,  it  failed 
to  specifically  identify  their  chemistries  because  the  Ni  and  W  films  were  too  thin  to  be  detected 
by  XAFS  spectroscopy  despite  the  fact  that  the  W  XAFS  data  were  measured  in  the  electron 
yield  mode  which,  to  a  certain  degree,  is  surface  sensitive.  Thus,  despite  all  of  these  research 
efforts,  the  chemical  nature  of  corrosion  products  is  not  yet  fully  understood. 

The  aim  of  the  present  investigation  is  to  determine  the  effect  of  alloy  composition  on  corrosion 
and  examine  the  chemistry  of  Fe,  Ni,  and  W  in  the  corrosion  products  of  two  W-Ni-Fe  alloys 
with  differing  composition  using  x-ray  photoelectron  spectroscopy  (XPS).  XPS  is  a  surface 
analytical  technique  which  provides  elemental  and  chemical  analysis  of  the  near  surface  region. 
Corrosion  products  were  induced  by  immersing  the  samples  in  3.5  wt%  NaCl  solution. 

Experiment 

Two  W-Ni-Fe  alloys  with  bulk  compositions  of  98.5  W,  0.9  Ni,  0.6  Fe  and  94.8  W,  3.4  Ni, 
1.9  Fe  by  wt%,  hereafter,  referred  to  as  alloys  K1  and  SI  respectively,  were  used  in  this 
investigation.  In  terms  of  atomic  percents,  these  concentrations  are  95.4  W,  2.7  Ni,  and  1.9 
Fe  for  the  K1  alloy  and  84.9  W,  9.5  Ni,  and  5.6  Fe  for  the  SI  alloy.  Detailed  analysis  of  the 
micro-structure  and  composition  of  these  alloys  as  determined  by  scanning  electron  microscopy 
and  energy  dispersive  X-ray  analysis  was  presented  previously.®"  These  two  alloys  were 
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selected  because  they  represent  the  distinct  corrosion  trends  observed  among  five  different  alloys 
previously  examined  for  their  corrosion  properties.*  *  Based  on  continuous  immersion  tests  in 
natural  sea  water,  the  corrosion  rate  for  the  SI  alloy  is  roughly  half  as  much  as  that  of  the  K1 
alloy.  Furthermore,  alloy  K1  showed  uniform  corrosion  while  the  SI  alloy  corroded 
preferentially  in  certain  selected  areas. 

For  the  present  experiment,  samples  in  disc  form  roughly  1.2  cm  in  diameter  and  0.4  cm  thick 
were  cut  from  the  alloy  material  using  a  diamond  disc  saw.  The  specimens  were  wet  polished 
with  320A,  400A,  and  600A  silicon  carbide  paper,  rinsed  with  distilled  HjO,  acetone  degreased, 
and  air  dried.  The  corrosion  was  then  induced  by  immersing  the  samples  in  a  glass  beaker 
containing  3.S  wt%  NaCl  solution  (which  mimics  sea  water)  at  ambient  laboratory  temperature 
and  pressure  for  4  hours,  2,  10,  and  17  days.  After  removal  from  the  solution,  the  samples 
were  thoroughly  rinsed  in  distilled  H^O. 

XPS  data  were  collected  using  a  Perkin-Elmer/Physical  Electronics  Division  photoelectron 
spectrometer  (model  5400)  under  computer  control.  All  spectra  were  obtained  with  non- 
monochromatized  Mg  x-rays  (hi>=  1253.6  eV).  The  anode  operated  at  15  KV  drawing  a  current 
of  27  mA.  During  the  XPS  measurements,  the  analysis  chamber  pressure  was  kept  in  the  range 
of  (l-3)xl0  *  Torr.  The  XPS  data  were  collected  from  an  analysis  area  of  1mm  x  3mm  except 
for  the  data  from  the  SI  alloy  immersed  in  the  solution  for  17  days  where  an  analysis  area  of 
1mm  X  1mm  was  employed. 

For  binding  energy  and  quantitative  composition  analysis,  the  photoelectron  peaks  were  fit  with 
a  combined  Gaussian-Lorentzian  line  shape.  Binding  energies  were  referenced  to  adventitious 
carbon  (C  Is  at  285.0  eV).  The  atomic  concentrations  of  the  various  elements  were  calculated 
from  peak  areas  after  correcting  for  the  photoionization  cross  section  using  ScoHeld  values*  and 
the  energy  dependence  of  the  photoelectron  mean  free  path. 

Results  and  Discussion 

A  comparison  of  the  XPS  survey  spectra  for  control  and  corroded  K1  and  SI  alloys  are  shown 
in  Figures  1  and  2,  respectively.  The  data  for  the  corroded  K1  and  SI  alloys  arc  shown  after 
immersion  in  3.5  wt%  NaCl  for  2  days  and  17  days,  respectively.  Visual  inspection  of  the 
spectra  indicates  a  composition  consisting  mainly  of  C,  O,  Si,  Fe,  Ni  and  W.  As  can  be  seen 
from  the  spectra  of  the  control  samples,  Ni  and  Fe  2p  photoelectron  lines  are  just  barely  visible 
due  to  the  low  concentrations  of  Ni  and  Fe  relative  to  that  of  W.  The  Fe  and  Ni  2p  lines  are 
clearly  visible  in  the  spectra  of  the  corroded  samples  indicating  an  increase  in  the  concentrations 
of  both  Ni  and  Fe  relative  to  those  of  the  control  samples.  The  presence  of  silicon  which  is  not 
part  of  the  original  composition  of  the  alloy  is  a  product  of  our  sample  polishing  procedure 
described  in  the  above  section.  Silicon  is  not  bonding  to  any  of  the  alloy  components  and  can 
be  completely  removed  with  extended  periods  of  sample  wash  and  rinsing  in  distilled  H2O. 

For  quantitative  composition  analysis  and  chemical  state  identification  higher  resolution  (relative 
to  survey  scans)  XPS  multiplexes  of  the  C  Is,  O  Is,  Si  2p,  Fe  2p,  Ni  2p,  and  W  4f 
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photoelectron  lines  were  measured.  The  surface  compositions,  as  determined  from  these  XPS 
multiplexes  for  the  K1  and  SI  alloys  as  a  function  of  immersion  time  in  3.S  wt%  NaCl  solutimi, 
are  listed  in  Table  I.  Carbon  is  usually  present  cm  most  surfaces  as  a  contaminant  with  the 
major  component  in  the  form  of  adventitious  hydrocarbon.  The  other  components  in  the  form 
of  carbon  singly  bonded  to  oxygen,  carbonyl,  carboxyl,  or  C03^'  are  present  only  in  small 
quantities.  Silicon  in  the  corroded  samples  is  also  present  in  small  quantities  in  the  form  of  a 
carbide  or  an  oxide.  The  carbon  and  silicon  are  believed  to  be  irrelevant  to  the  corrosion 
premess.  Hence,  the  carbon  and  silicon  concentrations  have  been  excluded  from  Table  I. 

Typical  spectra  of  the  Fe  and  Ni  2p  photoelectron  lines  of  both  alloys  after  immersion  in  0.35 
wt%  NaCl  solution  are  shown  in  Figures  3  and  4,  respectively.  The  Fe  2p  spectra  for  the 
corroded  K1  alloy  for  all  immersions  (2,  10,  and  17  days)  and  that  of  the  corroded  SI  alloy 
immersed  in  the  solution  for  17  days  are  very  similar  indicating  the  presence  of  a  single  Fe 
chemistry.  Comparing  the  Fe  2p  spectra  for  the  corroded  samples  with  those  of  structurally  well 
defined  samples  of  a-Fe203,  ^FejOa,  y-FeOOH,  and  Fe304  published  by  many  researchers”^ 
shows  that  the  binding  energy  and  shake-up  structure  most  closely  resemble  those  of  Fe304.  In 
an  earlier  investigation  using  X-ray  Absorption  Fine  Structure  (XAFS)  Spectroscopy,  it  was 
reported  that  the  atomic  structure  and  chemistry  of  Fe  after  immersion  in  3.5  wt%  NaCl  for  17 
days  is  similar  to  that  of  a  disordered  form  of  Fe203.^  Considering  the  fact  that  Fe304  is  an 
oxygen  deficient  form  of  Fe203  in  which  11  %  of  the  oxygen  sites  are  vacant,  then  both  XPS  and 
XAFS  results  are  in  agreement  with  each  other.  Thus,  Fe  in  the  corrosion  products  of  both 
alloys  assumes  the  oxidation  states  of  both  Fe?^  and  Fe^"^  in  proportions  which  depend  on  the 
degree  of  oxygen  deficiency.  The  only  exception,  is  the  spectra  of  the  corroded  SI  samples 
after  the  4  hour  and  2  day  immersions  in  the  solution  where  small  quantities  of  Fe  in  the  form 
of  metallic  Fe  and  FeO  was  also  present  in  addition  to  Fe304. 

The  Spectra  of  the  Ni  2p  photoelectron  line  shown  in  Figure  4  for  the  corroded  K1  and  SI  alloys 
after  immersion  in  the  solution  for  2  and  17  days,  respectively,  resemble  very  closely  that  of 
Ni(OH)2  published  by  McIntyre  and  Cook.  TTie  Ni  2p  spectra  of  the  corroded  K1  alloy  are 
virtually  identical  for  all  immersions  of  2,  10,  and  17  days  in  the  solution.  The  presence  of  only 
a  single  component  indicates  that  the  Ni(OH)2  is  thick  enough  ( >  100  A)  to  mask  the  underlying 
metallic  signal.  The  presence  of  a  thin  upper  surface  coating  of  Ni203  as  suggested  by  Barr’’ 
can  not  be  ruled  out  due  to  the  proximity  of  the  binding  energies  for  Ni(OH)2  and  Ni203. 
However,  under  the  corrosion  conditions  of  this  investigation  Ni203  is  very  unlikely  to  form. 
The  spectra  of  the  corroded  SI  alloy  for  both  the  4  hour  and  2  day  immersions  showed  the 
presence  of  nickel  in  the  form  of  NiO  in  addition  to  Ni(OH)2.  In  all  cases  the  Ni(OH)2 
chemistry  was  the  dominant  one.  The  formation  of  a  surface  film  of  Ni(OH)2  on  metallic  Ni 
in  KOH  and  chloride  solutions  (pH  2.7  to  12)  in  the  passive  potential  region  was  also  observed 
using  the  technique  of  surface-enhanced  Raman  Spectroscopy.” 

Spectra  of  the  W  4f  photoelectron  line  for  control  and  corroded  alloys  are  shown  in  Figures  5 
and  6.  Peak  synthesis  of  these  spectra  using  standard  non-linear  least  square  fitting  procedures 
reveals  that  a  minimum  of  6  components  are  required  to  satisfactorily  fit  the  data.  Two 
components  for  each  single  chemistry  due  to  the  spin-orbit  splitting  of  the  4f  line  with  an  energy 
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splitting  approximately  2.1  eV  are  required.  Comparing  with  reference  data,**  three  different 
chemistries,  namely  metallic  tungsten,  tungsten  dioxide  (WO2),  and  tungsten  trioxide  (WO3), 
were  identified  to  be  present  in  both  the  control  and  corroded  samples  of  both  alloys  and  the  data 
are  summarized  in  Table  II.  These  results  are  interpreted  in  terms  of  metallic  tungsten  particles 
with  WO2  and  WO3  coatings  rather  than  in  terms  of  the  presence  of  three  separate  phases.  It 
is  observ^  that  the  metallic  W  content  of  the  K1  alloy  is  significantly  larger  than  that  of  the  SI 
alloy  indicating  an  oxide  coating  for  the  SI  alloy  significantly  thicker  than  that  of  the  K1  alloy. 
For  the  corroded  K1  alloy,  it  is  observed  that  the  mole  percent  for  W  metallic  component 
decreases  with  immersion  time  with  a  corresponding  increase  in  the  mole  percents  of  WO2 
indicating  an  increase  in  the  WO2  coating  thicloiess  with  increase  in  immersion  time  at  least  up 
to  10  days.  The  thickness  of  the  WO3  for  the  K1  alloy  appears  to  remain  approximately  constant 
with  immersion  time.  The  mole  percents  of  various  tungsten  chemistries  for  the  SI  alloy 
immersed  in  the  solution  for  up  to  2  days  remains  the  same  as  those  of  the  control  sample. 
However,  after  immersing  the  SI  alloy  in  the  solution  for  17  days,  the  tungsten  metallic  content 
decreases  with  a  corresponding  increase  in  the  WO3  content  indicating  the  growth  of  the  WO3 
coating.  Note  that  after  17  days  immersion  in  the  solution  the  chemistry  of  tungsten  is  similar 
in  both  alloys.  The  observed  tungsten  chemistries  are  similar  to  those  observed  by  Shaw  et  al.*’ 
for  passivation  on  W-Al  alloys  induced  by  anodization  in  0. 1  KCl  solution.  Thus,  the  enhanced 
passivity  of  the  W-Ni-Fe  alloys  can  be  attributed  to  the  formation  of  the  WO2  and  WO3  coatings 
which  makes  the  alloys  less  susceptible  to  attack  by  the  NaCl  solution. 

Iron  is  known  to  be  unstable  in  the  presence  of  water  and  a  large  number  of  aqueous  non¬ 
oxidizing  solutions.**  Both  tungsten  alloys  (K1  and  SI)  considered  in  the  present  investigation 
contain  Fe  and  Ni  as  alloying  elements  and  were  studied  in  3.5  wt%  NaCl  solution  (a  pH  of 
roughly  6.3).  Under  these  conditions  iron  has  a  tendency  to  form  F^*  and  Fe’^  which  will 
finally  lead  to  the  formation  of  Fe203  and  Fe304.  A  careful  analysis  of  the  Porbaix  diagram  for 
Fe  and  water  shows  that  for  pH  values  below  9.5  and  greater  than  12.5  the  potential  will  lie 
inside  the  corrosion  domains,  which  means  that  iron  may  corrode  with  the  evolution  of 
hydrogen.  Though  the  test  samples  and  solution  were  kept  exposed  to  ambient  laboratory 
environment  in  our  investigation,  the  oxygen  level  below  pH  of  8  will  be  insufficient  to  bring 
about  the  passivation  of  iron.  This  agrees  with  the  fact  that  some  of  the  corrosion  products  from 
the  sample  fell  off  from  the  surface  and  collected  as  insoluble  residue  in  the  bottom  of  the  glass 
beaker.  The  open  circuit  potential  for  these  alloys  in  3.5  wt%  solution*  also  falls  within  the 
range  of  active  corrosion  as  shown  by  the  Pourbaix  diagram. 

With  regard  to  nickel,  the  Pourbaix  diagram  suggests*’  that  it  should  be  resistant  to  corrosion 
in  neutral  or  alkaline  solution  free  from  oxidizing  agents,  slightly  corrodible  in  acid  solutions 
free  from  oxidizing  agents,  and  very  corrodible  in  acid  or  very  alkaline  solutions  containing 
oxidizing  agents.  Neutral  or  slightly  alkaline  oxidizing  solutions  should  produce  an  oxide 
surface  layer  on  nickel.  At  the  conditions  of  the  present  investigation,  a  3.5  wt%  NaCl  solution 
with  pH  equal  to  6.3  is  slightly  acidic  and  one  should  expect  a  slight  corrosion  of  nickel.  Based 
on  the  XPS  results  of  this  investigation,  we  show  that  nickel  corrodes  through  the  formation  of 
Ni(OH)2.  Ni(OH)2  is  a  thermodynamically  stable  substance  in  the  presence  of  water  in  neutral 
or  slightly  alkaline  solutions  free  from  oxidizing  or  reducing  agents.  However,  it  dissolves  in 
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acid  solutions  with  the  formation  of  Ni^^.  The  fact  that  our  present  XPS  study  proved  more 
useful  for  studying  corrosion  products  of  nickel  than  our  previous  XAFS  study^  is  probably  due 
to  the  solubility  of  Ni(OH)2.  The  solubility  of  the  corroding  product,  Ni(OH)2,  in  acid  solutions 
results  in  the  formation  of  a  thin  surface  layer  which  is  more  amenable  to  surface  analytical 
techniques  such  as  XPS  rather  than  bulk  analytical  techniques  such  as  XAFS. 

According  to  the  potential-pH  equilibrium  diagram  for  the  tungsten-water  system  by  Pourbaix^, 
in  the  presence  of  non-complexing  acid  solutions,  tungsten  tends  to  be  covered  with  WO2  or  a 
higher  oxide.  Clearly,  our  results  show  the  formation  of  both  WO2  and  WO3  as  expected 
leading  to  the  great  corrosion  resistance  of  tungsten. 

Conclusions 

Based  on  XPS  analysis  of  corrosion  products  for  W-Ni-Fe  superalloys  induced  by  immersion  in 
3.5  wt%  NaCl  solution  the  following  conclusions  are  made:  (i)  the  chemistry  of  Fe  is  similar 
to  that  of  Fe  in  Fe304  (an  oxygen  deficient  form  of  Fe203),  (ii)  the  chemistry  of  Ni  is  similar 
to  that  of  Ni  in  Ni(OH)2,  (iii)  W  is  the  component  of  the  alloy  which  is  more  immune  to 
corrosion  due  the  formation  of  passive  films  of  WO2  and  WO3,  (iv)  the  lower  corrosion  rate  for 
the  SI  alloy  relative  to  that  of  the  K1  alloy  is  probably  due  to  an  already  existing  WO2  and  WO3 
coatings  which  are  thicker  on  the  surface  of  the  SI  alloy,  and  (v)  localized  corrosion  is  more 
apparent  on  the  surface  of  the  SI  alloy  and  is  probably  due  to  non-uniform  distribution  of  the 
tungsten  particles  in  the  SI  alloy  relative  to  those  in  the  K1  alloy. 

Acknowledgements 

This  work  was  supported  by  NAVSEA. 


References 

1.  P.  N.  Jones,  "The  Use  of  Tungsten  in  Armament  Related  Products,"  in  Proceedings  of  the 
Second  International  Tungsten  Symposium,  (San  Francisco,  CA,  1982),  p.  81. 

2.  D.  J.  Jones  and  P.  Munnery,  Powder  Metallurgy,  10  20  (1967):  p.  156. 

3.  J.  F.  Andrew,  M.  T.  Baker,  and  H.  T.  Heron,  "Corrosion  and  Protection  of  Sintered 
Tungsten  Alloy  Ammunition  Components,"  in  Proceedings  of  the  Second  Charlottesville 
Conference  on  High  Density  KE  Penetrator  materials,  (1980). 

4.  J.  W.  Koger,  "Corrosion  of  Tungsten-3.5  Nickel-1.5  Iron  and  its  Constituent  Phases  in 
Aqueous  Chloride  Solutions,"  Corrosion/75,  paper  no.  42  (Toronto,  Canada:  National 
Association  of  Corrosion  Engineers,  1975). 

5.  K.  L.  Vasanth,  R.  Conrad,  and  C.  M.  Dacres,  "Pitting  Behavior  of  Tungsten  Alloys  in 
3.5%  NaCl  Solution,"  in  Proceedings  of  the  11th  International  Corrosion  Congress, 
(Florence,  Italy,  1990),  vol.  5,  p.  5.223. 

6.  K.  L.  Vasanth  and  C.  M.  Dacres,  "Corrosion  of  Tungsten  Alloys  in  Marine  Environments," 
in  Proceedings  of  the  1987  Tri-Service  Conference  on  Corrosion,  W-PAFB,  OH,  AFWAL- 
TR-87-4139,  Vol.  II,  1987,  p.  165. 


4014 


7.  A.  N.  Mansour  and  K.  L.  Vasanth,  "XAFS  Studies  of  Corrosion  Products  on  W-Ni-Fe 
Alloys”  in  Proceedings  of  the  Symposium  on  X-Ray  Methods  in  Corrosion  and  Interfacial 
Electrochemistry,  (Phoenix,  AZ,  1991),  published  by  the  Electrochemical  Society,  The 
180th  Meeting  of  the  Electrochemical  Society,  Vol.  92-1,  p.  272. 

8.  J.  H.  Scofield,  J.  Electron  Spectrosc.,  8  (1976):  p.  129. 

9.  H.  Konno  and  M.  Nagayama,  Passivity  of  Metals:  Proceedings  of  the  Fourth  International 
Symposium  on  Passivity,  (Princeton,  NJ:  Electrochemical  Society,  1978),  editors:  R.  B. 
Frankenthal  and  J.  Kruger,  p.  S8S. 

10.  N.  S.  McIntyre  and  D.  G.  Zetaruk,  Analytical  Chemistry,  49  11  (1977):  p.  1521. 

11.  G.  C.  Allen,  M.  T.  Curtis,  A.  J.  Hooper,  and  P.  M.  Tucker,  J.(3.  S.  D^ton,  (1974):  p. 
1525. 

12.  K.  Asami  and  K.  Hashimoto,  Corros.  Sci.,  17  7  (1977):  p.  559. 

13.  T.  L.  Barr,  J.  Phys.  Chem.,  82  16  (1978):  p.  1801. 

14.  N.  S.  McIntyre  and  M.  G.  Cook,  Analytical  Chemistry,  47  13  (1975):  p.  2208. 

15.  C.  A.  Melendres  and  M.  Pankuch,  J.  Electroanal.  Chem.,  333  (1992):  p.  103. 

16.  C.  D.  Wagner  and  D.  M.  Bickham,  NIST  Standard  Reference  Database  20,  NIST  X-Ray 
Photoelectron  Spectroscopy  Database,  Version  1.0,  (Gaithersburg,  MD:  NIST,  1989). 

17.  B.  A.  Shaw,  G.  D.  Davis,  T.  L.  Fritz,,  B.  J.  Rees,  and  W.  C.  Moshier,  J.  Electrochem. 
Soc.,  138  11  (1991):  p.  3288. 

18.  M.  Pourbaix,  Atlas  of  Electrochemical  Equilibria  in  Aqueous  Solutions,  (Houston,  TX, 
National  Association  of  Corrosion  Engineers,  1974),  p.  307. 

19.  M.  Pouibsux,  ibid,  p.  330. 

20.  M.  Pourbaix,  ibid,  p.  280. 


4015 


1 


Table  I.  Summary  of  XPS  atomic  percents  for  the  K1  and  SI  alloys  as  a  function  of  immersion 
time  in  3.S  wt%  NaCl  solution.  The  carbon  and  silicon  concentrations  were  excluded 
due  to  their  irrelevance  to  the  corrosion  process.  Those  of  oxygen  includes,  in  part, 
the  oxygen  signal  bonding  to  carbon. 


Sample 

Immersion  Time 

Atomic  percent  of  | 

Oxygai 

Iron 

Nickel 

Tungsten 

AUoy  K1 

0  (control) 

54.3 

0.7 

0.9 

44.1 

2  days 

56.1 

4.3 

4.6 

35.0 

10  days 

65.1 

2.9 

■ai 

27.9 

17  days 

58.2 

2.7 

2.6 

36.5 

Alloy  SI 

0  (control) 

53.1 

0.6 

1.8 

44.4 

4  hours 

43.4 

1.1 

1.9 

53.7 

2  days 

46.3 

1.5 

2.5 

49.7 

17  days  (black  areas) 

66.0 

1.2 

1.6 

— 

(brown  areas) 

66.6 

8.9 

10.0 

mom 

Table  II.  Summary  of  various  tungsten  chemistries  for  the  K1  and  SI  alloys  as  a  function  of 
immersion  time  in  3.5  wt%  NaCl  solution.’ 


Sample 

Immersion  Time 

Mole  Percent  of 

W 

WO2 

WO3 

Alloy  K  1 

0  (control) 

67 

17 

16 

2  days 

26 

35 

39 

10  days 

10 

49 

41 

.  - 

17  days 

33 

19 

48 

Alloy  SI 

0  (control) 

41 

32 

27 

4  hours 

46 

35 

19 

2  days 

41 

37 

22 

17  days  (black  areas) 

24 

31 

45 

(brown  areas) 

19 

22 

60 
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900.0  010.0  720.0  600.0  90*0  0,0 


Figure  1  XPS  survey  spectra  for  XI  alloy:  control  (top)  and  after 
imnersion  in  3.5  wt%  NaCl  solution  for  2  days  (bottom). 
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900.0  BiO.O  720.0  630.0 


270.0  180.0  90.0  0.0 


Figure  2 


XPS  survey  spectra  for  SI  alloy:  control  (top)  and  after 
iinnersion  in  3.5  wt%  NaCl  solution  for  17  days  (bottom). 
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Figure  4  Ni  2p  XPS  spectra  for  the  K1  alloy  (left)  and  the  SI  alloy  (right)  after 
immersion  in  3.5  wt%  NaCl  solution  for  2  and  17  days,  respectively. 
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Figure  6  W  4f  XPS  spectra  for  the  SI  alloy:  control  (left)  and  after  immersion  in 
wt%  NaCl  solution  for  17  days  (right) . 
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Abstract 

The  effect  of  surface  conditions  on  the  localized  corrosion  of  alloy  825,  in  simulated  groundwater 
containing  chloride,  was  investigated.  It  was  found  that  the  corrosion,  breakdown,  and  repassivation 
potentials  for  mill-finished  surfaces  were  more  active  dian  for  polished  surfaces.  This  was  rdated  to  die 
depletion  of  chromium  in  the  initial  surface  layers.  Thermal  oxidation  in  a  dry  environment  at 
tempmtures  up  to  300”C  did  not  change  the  breakdown  and  rqiassivation  potentials  in  a  wet 
environmem.  The  corrosion  potential  was  also  found  to  increase  with  temperature  and  to  a  lesser  extnt 
with  thermal  exposure  time.  The  repassivation  potential  was  observed  to  be  independem  of  the  charge 
density  for  deep  pits.  In  aerated  solutions  containing  H2O2,  the  repassivadon  potemial  was  approximatdy 
equal  to  or  sli^dy  less  than  the  corrosion  pototial. 

Key  terms;  Pitting,  surface  effects,  repassivation,  alloy  K5,  nuclear  waste 
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Introduction 


The  high-level  nuclear  waste  packages  intended  for  geological  disposal  are  required  by  the  U.  S.  Nuclear 
Regulatory  Conunission  (USNRC)  to  contain  radionuclides  for  at  least  300  to  1000  years.  In  order  to 
minimize  the  possibility  of  corrosion  related  failures  under  the  unsaturated  conditions  prevailing  at  the 
proposed  repository  site  at  Yucca  Mountain,  it  has  been  proposed  that  a  high  thermal  loading  of  the 
r^sitory  be  used  to  create  a  dry-out  area  in  the  geologic  surroundings  adjacent  to  the  containers. 
However,  several  studies  have  indicated  that  remote  condensation  of  evaporated  groundwater  and 
backflow  to  containers  through  fractures  is  plausible  {1-3].  It  has  also  b^  demonstrated  that  the 
concentration  of  anions  in  groundwater  increases  with  the  number  of  evaporation  cycles  {4].  Therefore, 
a  conservative  estimation  of  container  lifetimes  should  assume  at  least  some  degree  of  container  wetting 
with  aqueous  solutions  containing  varying  amounts  of  aggressive  anions. 

Previous  studies  have  proposed  the  use  of  the  repassivation  potential  as  a  lower  bound  parameter  in 
predicting  the  service  life  of  nuclear  waste  containers  [5-10].  In  the  case  of  pitting  corrosion,  the 
repassivation  potential  was  first  proposed  by  Pourbaix  et.  al.[  1 1],  as  the  potential  below  which  all  existing 
pits  cease  to  grow,  and  above  which  existing  pits  grow  without  the  formation  of  new  pits.  Investigations 
by  Sridhar  and  Cragnolino  |S]  indicated  that  the  repassivation  potential.  E,,,  was  not  as  strongly 
dependent  as  the  breakdown  or  pitting  potential.  E^,  on  the  concentration  of  chloride.  It  has  also  been 
shown  that  E,^  decreases  with  pit  depth  for  very  shallow  pits  but  was  independent  of  pit  depth  for  deep 
pits  [7],  With  the  exception  of  pit  depth,  the  effect  of  surface  conditions  on  E,,  has  only  received  limited 
attention  in  previous  publications.  Sydberger  [12]  found  that  various  surfoce  preparations,  such  as 
different  grit  finishes  and  types  of  pickling  operations,  had  a  marked  effect  on  the  initiation  of  pitting  and 
crevice  corrosion  of  austenitic  and  ferritic  stainless  steels.  These  results  were  attributed  to  the  efficacy 
of  the  different  surfoce  preparations  in  removing  sulfide  inclusions.  It  has  also  been  demonstrated  that 
the  chromium  depleted  surface  layers,  which  were  found  to  be  present  on  some  stainless  steels  and  nickel 
based  alloys,  were  responsible  for  an  increased  susceptibility  to  crevice  corrosion  in  both  ferric  chloride 
and  sea  water  [13,14]. 

The  objeaive  of  this  investigation  was  to  determine  the  relationship  between  surface  conditions  and  the 
corrosion  properties  of  alloy  825.  Since,  in  a  repository  setting,  the  waste  containers  are  expected  to  be 
at  temperatures  as  high  as  250‘’C  for  long  periods  of  time  ( >  100  years),  the  effects  of  thermal  oxidation 
on  the  breakdown  and  repassivation  potentials  was  studied.  The  corrosion  potential  was  also  measured 
under  several  possible  simulated  repository  conditions.  The  detrimental  effects  of  the  chromium-depleted, 
mill-finished  surface  on  the  performance  of  the  material  were  also  examined. 

Experimental  Procedures 

All  experiments  were  conducted  on  alloy  825  received  in  the  form  of  12.5  mm  plate  with  a  mill-finished 
surfoce.  The  bulk  and  surface  compositions  of  the  material  are  given  in  Table  1.  Cylindrical  specimens 
6.35  mm  diameter  were  machined  transverse  to  the  rolling  direction.  Shon  specimens.  19.05  mm  long, 
were  used  for  cyclic  potentiodynamic  polarization  tests.  Longer  specimens.  48.65  mm  long,  were  used 
in  potential  staircase  repassivation  potential  tests.  The  specimens  were  polished  to  a  600  grit  finish  using 
wet  SiC  paper,  cleaned  in  an  ultrasonic  bath  containing  detergent,  rinsed  in  high  purity  water,  degreased 
with  acetone,  and  dried.  Experiments  with  chromium-depleted  surfaces  were  conducted  using  specimens 
measuring  12.5  nun  x  12.7  mm  x  17.8  mm.  This  geometry  incorporated  two  12.7  mm  x  17.8  mm 
mill-finished  surfaces.  The  four  remaining  surfaces,  which  were  measured  to  be  of  bulk  composition, 
were  polished  to  either  a  60  or  600  grit  finish.  These  specimens  were  cleaned  ultrasonically  in  detergent. 


rinsed  in  high  purity  water,  cleaned  ultrasonically  in  acetone,  and  dried.  The  weights  of  all  specimens 
were  then  recorded.  Specimens  undergoing  thermal  oxidation  were  placed  in  forced  air  convection  ovens 
at  I00°C  or  SOO'C  for  periods  of  1,  10.  and  30  days.  Upon  removal,  the  specimens  were  allowed  to 
coo!  to  room  tenperamre  and  reweighed.  Corrosion  testing  was  carried  out  by  first  connecting  the 
specimens  to  an  ASTM  G-S  [IS]  specimen  holder  and  then  panially  inunersing  them  to  prevent  crevice 
corrosion  at  the  gasket-specimen  interface.  Test  solutions  representative  of  groundwater  at  Yucca 
Mountain,  with  a  higher  chloride  concentration  to  simulate  the  effect  of  evaporation  cycles,  were  prepared 
using  analytical  grade  reagents  and  high  purity  water.  The  solutions  consisted  of  500-10000  ppm  Cr, 
85  ppm  HCO)~,  20  ppm  SOt'~,  10  ppm  NO,',  and  2  ppm  F',  all  as  sodium  salts.  All  tests  were  done 
at  95±  2°C.  Solutions  were  deaerated  with  high  purity  nitrogen  or  argon.  Measurements  of  the 
corrosion  potential.  ^^^e  also  conduaed  in  aerated  solutions  with  and  without  the  addition  of  5 
nunol  H;0;.  Aeration  was  achieved  by  bubbling  a  high  purity  79:21  mixture  of  N;  and  so  as  not  to 
introduce  CO^  into  the  solution. 

Repassivation  tests  were  conducted  in  an  ASTM  G-31  type  one-liter  reaction  kettle  (approximately  9(X) 
ml  solution)  with  a  fritted  glass  bubbler,  a  platinum  counter  electrode,  and  a  luggin  probe  with  a  porous 
silica  tip.  A  saturated  calomel  electrode  was  used  as  the  reference  electrode  in  all  experiments.  Details 
of  the  experimental  setup  have  been  published  elsewhere  [7].  Specimens  were  tested  in  deaerated 
solutions  containing  500.  1000  and  10000  ppm  Cr.  Pits  were  initiated  in  the  500  and  10(X)  ppm  Cr 
solutions  at  600  mV^cE-  After  initiation,  the  pits  were  grown  at  500  mVjcE  in  the  500  ppm  Cr  solution 
and  400  mV^cE  in  1000  ppm  Cr  solutions.  For  the  10000  ppm  solution,  the  pits  were  initiated  at  400 
mVs(^  and  grown  at  200  mV^c^.  When  a  predetermined  charge  density  was  reached,  the  potential  was 
reduced  at  5  mV/sec.  The  potential  at  which  the  current  density  remained  below  50  nA/cnf  was 
determined  to  be  the  repassivation  potential.  Cyclic  potentiodynamic  polarization  (CPP)  experiments  were 
conducted  in  an  ASTM  G-5  type  five-neck  flask  equipped  with  a  calibrated  thermometer,  and  a  platinum 
counter  electrode.  A  luggin  probe  with  a  porous  silica  tip  was  filled  with  0.5  M  NaCl  to  provide 
electrical  contact  to  a  remote  saturated  calomel  reference  electrode  maintained  at  room  temperature. 
Argon  was  bubbled  at  approximately  one  atmosphere  pressure  for  a  minimum  of  one  hour  prior  to  the 
start  and  throughout  the  duration  of  the  test.  Electrochemical  measurements  were  made  with  an  EG&G 
PARC  Model  #173  potentiostat  equipped  with  a  Model  #276  current  converter  and  an  IEEE-488  interface. 
The  potentiostat  was  controlled  with  a  386  computer  using  PARC  M342C  software.  The  data  was 
converted  to  an  ASCII  format  and  analyzed  at  the  end  of  the  experiment. 

After  testing,  specimens  were  ultrasonically  cleaned  in  a  mixture  of  4  ml  2-butyne-1.4-diol  (35%  aq. 
solution),  3  mi  concentrated  HCl,  and  50  ml  high  purity  water  to  remove  the  attached  corrosion  products 
[16].  Previous  tests  on  control  samples  confirmed  that  this  cleaning  procedure  does  not  result  in 
measurable  corrosion  of  the  substrate.  The  specimens  were  then  reweighed  and  examined  using  a  70x 
stereoscope.  Selected  specimens  were  examined  using  a  scanning  elearon  microscope  (SEM)  for  areal 
pit  density,  pit  depth  and  composition  using  energy  dispersive  spectrometry  (EDS). 

Results 

Representative  multiple  CPP  scans  for  the  mill-finished  surfaces  are  displayed  in  Figure  1 .  These  are 
CPP  scans  conducted  on  a  single  specimen  successively  with  fresh  solution  being  used  after  each  scan. 
Very  low  E,  and  E,,  values  were  obtained  in  the  initi^  scans  of  chromium  depleted  surfaces  but  only 
uniform  corrosion  was  observed.  Subsequent  scans,  however,  exhibited  large  hysteresis,  indicating  the 
presence  of  localized  corrosion.  The  passive  current  density  tended  to  decrease  with  successive  scans 
while  E,  and  increased.  Examination  of  the  specimens  using  a  70x  stereoscope  revealed  that  the  mili- 
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finished  surfaces  pined  after  3  or  4  scans.  The  pits  were  randomly  distributed  on  the  immersed  portions 
of  the  mill-fmisbed  surfaces  and  no  evidence  of  preferemiai  pitting  at  the  solution  vapor  internee  was 
observed.  On  the  other  hand,  the  adjacent  surfaces,  having  the  bulk  composition  through  grinding  to 
either  a  60  or  600  grit  finish,  did  net  show  any  evidence  of  pitting.  For  the  as-received  and  thermally 
treated  mill-finished  surfaces,  was  found  to  increase  with  cumulative  charge  density,  contrary  to 
previous  results  obtained  for  polished  specimens  (7].  Analysis  of  these  specimens  using  EDS  revved 
that  the  chromium  content  at  the  surface  increases  with  the  amount  of  charge  passed.  In  Figure  2,  the 
results  of  the  CPP  tests  in  terms  of  E^  and  E^  are  plotted  as  a  function  of  the  chromium  content  measured 
on  non-pitted  regions  at  the  conclusion  of  successive  scans.  This  figure  was  generated  using  the  results 
of  both  mill-finished  surfaces  having  less  than  the  bulk  concentration  of  chromium  and  polished  specimens 
having  22.10  percent  chromium.  It  is  evident  from  this  plot  that  E,  and  E,,  are  strongly  dep^ent  on 
the  concentration  of  chromium  at  the  surface.  It  must  also  be  noted  that  the  molybdenum  content  of  the 
surface  is  lower  than  that  of  the  bulk  as  indicated  in  Table  I .  Below  a  surface  chromium  concentration 
of  17  percent,  uniform  corrosion  predominated.  Localized  corrosion  occurred  at  surface  chromium 
concentrations  higher  than  17  percent  and  pitting  of  the  chromium  depleted  surfaces  was  initiated  at 
potentials  as  low  as  220  mVic^.  The  E,^  of  these  surfaces,  following  the  initiation  of  pitting,  was  found 
to  be  much  more  active  than  that  of  the  bulk  material. 

Visual  observation  of  the  thermally  treated  specimens  revealed  that  all  specimens  treated  at  300'’C 
appeared  to  have  a  gold  color  oxide  film.  The  mill-finished  specimens  treated  at  this  temperature  had 
a  much  darker  colored  film  than  polished  specimens.  Specimens  treated  at  100‘’C  did  not  have  this 
appearance.  No  weight  change  (±0.00015  g)  was  measured  at  the  conclusion  of  thermal  treatment  in 
the  range  of  times  and  temperatures  investigated. 

The  results  in  Table  2,  obtained  using  CPP,  indicate  that  E,  and  E,  are  neither  functions  of  temperamre 
nor  length  of  thermal  oxidation  in  the  ranges  studied.  It  may  also  be  seen  that  the  passive  current  density 
decreases  whereas  increases  with  the  temperature  of  thermal  exposure.  During  post-test  examination, 
pits  were  noted  on  all  of  the  specimens. 

Results  obtained  using  the  decreasing  potential  staircase  technique  are  shown  in  Figure  3.  As  previous 
reports  have  indicated.  E„  is  initially  a  strong  function  of  charge  density  (18.19).  In  1(XX)  ppm  Cl" 
solutions  beyond  approximately  100  coulombs/cm*,  is  virtually  independent  of  charge  density.  This 
result  was  apparent  for  both  as-polished  and  thermally  oxidized  specimens.  The  effect  of  chloride 
concentration  is  also  indicated  in  this  figure.  Specimens  tested  in  more  concentrated  chloride  solutions 
had  lower  E,^  values.  Ir  comparison  to  the  CPP  results,  which  used  a  slower  scan  rate,  the  E,,  values 
measured  by  this  technique  were  more  active.  The  obsovation  that  E,^  decreases  with  scan  rate  has  been 
previously  documented  [7]. 

Examination  of  the  pitted  specimens  revealed  that  the  pits  were  uniformly  distributed  over  the  surface. 
Excellent  correlation  (R*=0.99)  was  found  between  weight  loss  and  charge  density  indicating  that  the 
charge  passed  went  to  either  pit  initiation  or  pit  growth.  This  relationship  was  experimentally  determined 
to  be 

Weight  Loss  =  2.59  x  10**  glcouiomb 

This  compares  well  to  the  theoretical  weight  loss  of  2.64  x  10"*g/coulomb  assuming  that  the  dissolution 
of  iron,  chromium  and  nickel  occurs  as  Fe^*,  Cf**,  and  NF*.  respectively  in  the  same  ratio  as  they  are 
present  in  the  alloy.  The  weight  loss  contributed  by  the  dissolution  of  the  other  alloying  additions  was 
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assumed  to  be  insignificam.  The  retationship  between  areal  pit  density  and  charge  density,  plotted  in 
Figure  4,  was  found  to  be 

Percent  area  pits  (A)  »  0.34 

where  Q  is  the  charge  demity  in  coulombe/cnr.  The  scatter  in  the  data  (R^«0.87)  reflects  both  the 
difficulty  of  die  measurements,  especially  on  cylindrical  ^lecimens,  and  die  foct  that  not  all  of  die  charge 
density  wem  to  the  formation  of  new  pits.  Estimation  of  the  maximum  pH  dqith  was  done  by 
cross-Mctioning  the  specimens.  The  relationship  between  the  amoum  of  charge  passed  and  the  pH  depth 
is  given  by 

Depth,  d  (Jitm)  -  0.11 

The  exponent  in  this  equation  is  significandy  diffiercat  than  0.33  expected  for  hemiqiherical  shaped  pits, 
although  nu^  of  the  pits  observed  were  foi^  to  be  hemispherical.  However,  deep  pHs  appeal  to  be 
formed  by  the  initiation  and  growth  of  new  pits  in  the  bo^m  of  existing  ones.  This  resulted  in  some 
pHs  havmg  a  more  cylindrical  shape  which  would  increase  the  exponent  m  equation  3.  Inaccurate  depth 
measurements  may  also  be  due  to  the  difficulty  in  seaioning  pits  m  the  deepest  location.  An  additional 
source  of  error,  panicularty  at  low  charge  densities,  is  that  an  increasingly  large  fraction  of  the  charge 
density  went  towards  pit  initiation  and  not  necessarily  existing  pit  growth. 

Open  circuit  potential  measurements  (E^)  carried  out  on  thermally  treated  specunens  in  a  range  of 
solutions  are  shown  in  Figure  S.  The  results  show  that  E^  mcreased  as  a  result  of  aeration  and  S  mmol 
H3O}  added  to  sunulate  the  effect  of  radiolysis.  Specimens  treated  at  300*C  had  E,„  values  m  the  range 
of  100  to  400  mV  more  noble  than  the  specunens  treated  at  100*C.  For  specunens  treated  at  the  lower 
temperature,  the  time  of  exposure  was  also  important.  The  difference  in  of  polished  specimens 
tret^  at  100”C  for  1  and  30  days  was  200  mV.  Specimens  with  a  mill-finished  surfoce  were 
charaaerized  by  more  active  corrosion  potentials.  The  effect  of  fliermal  oxidation  temperature  is  also 
not  as  pronounced.  At  the  conclusion  of  the  rest  potential  measurements  ui  aerated  solutions  contaming 
H3O2,  reddish-brown  corrosion  products  were  oi»erved  on  some  of  the  mill-finished  surfaces. 
Examination  of  these  surfaces,  however,  did  mx  reveal  any  pits.  For  both  bulk  and  mill-finished 
specunens  whether  thermally  aged  or  not.  E,^  in  aerated  solutions  containing  HfO.  was  very  near  or 
slightly  greater  than  E,^  in  deaerated  solutions. 

Discussion 

The  mill-finished  surfaces  were  found  to  have  E,^  values  that  increased  with  charge  density.  Observation 
of  the  curves  gmerated  by  CPP  duruig  initial  scans  reveals  that  the  breakdown  and  repassivation  behavior 
of  the  chromhun-depleted  surfaces  differs  considerably  from  that  of  the  bulk  material.  The  increase  in 
E,^  and  E,  duruig  successive  scans  was  found  to  be  related  to  the  amount  of  duomium  on  the  surfue  of 
the  alloy.  This  result  can  be  likened  to  the  prevkius  investigation  by  Wilde  and  Williams  [17]  who 
demonstrated  that  the  E^  of  stainless  steels  mcreases  with  the  concentration  of  chromium.  The  foct  that 
several  scans  w^e  needed  to  form  pits  indicates  that  uniform  corrosion  mitially  occurs  on  the  chromium- 
depleted  surfKe.  After  the  initial  surface  layers  are  removed,  the  surface  composition  has  a  hi^er 
concentration  of  chromium  and  becomes  more  corrosion  resistant.  Pitting  of  the  surface  can  then  occur 
at  potentials  more  noble  than  E,  for  the  inHial  surface  layer  but  much  more  active  than  E^  for  the  bulk 
material .  The  results  obtained  here  suggest  that  surface  compositions  containmg  approxunately  1 7  percent 
chromhim  are  susceptible  to  pitting.  The  E,,  for  the  pitted  chromium-depleted  surface  was  also  more 
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aaive  compared  to  the  bulk  material.  However,  the  pits  formed  were  shallow,  resulting  in  a  low 
cumulative  charge  density  (< 7  C/cm*).  The  chromium-depleted  layer  on  some  nickel  based  alloys  has 
been  measured  to  be  up  to  12  urn  deep  [13|.  Dewier  pits,  penetrating  through  the  initial  chromium- 
depleted  surface  layer,  would  be  expected  to  have  E,,  values  similar  to  those  of  the  bulk  material.  Hence, 
the  E,,  value  of  bulk  specimens  can  still  be  used  to  predict  long-term  performance  of  the  proposed 
container  material. 

Decreasing  potential  staircase  tests  indicated  that  E,,  is  a  function  of  charge  density  for  shallow  pits. 
Combining  the  results  displayed  in  Figures  3  and  4,  it  can  be  calculated  that  for  pits  deeper  than  0.7  mm, 
E,^  is  indq)eiident  of  pit  depth.  Similar  results  have  previously  been  reponed  [17,18]. 

The  passive  films  formed  by  thermal  oxidation  did  not  yield  higher  breakdown  potentials  or  alter  in 
the  range  of  chloride  concentrations  tested.  Both  as-polished  and  thermally  oxidized  specimens  were 
found  to  have  E,,  which  were  dependent  on  scan  rate  and  charge  density.  This  is  not  surprising  since 
even  very  shallow  pits  would  be  expected  to  easily  penetrate  the  oxide  films. 

Thermal  exposure  had  a  marked  effect  on  E^  of  the  polished  specimens.  As  the  temperature  of  thermal 
oxidation  increased,  the  value  of  E^  was  observed  to  shift  to  a  more  noble  potential.  This  effect  can 
be  attributed  to  an  improvement  in  the  protective  propenies  of  the  passive  film.  Similarly,  a  decrease 
in  the  passive  current  density  from  1 .4  fiA/cm‘  for  the  as-polished  surface  to  values  between  0.04  and 
0.1  /lA/cm*  for  specimens  exposed  to  300‘’C  was  observed.  Specimens  exposed  to  lOO^C  had  passive 
current  densities  that  decreased  with  exposure  time.  These  observations  suggest  that  prior  exposure  to 
a  hot  dry  environment  may  result  in  either  a  growth  of  the  passive  film  or  a  change  in  the  electronic 
properties  of  the  film. 

The  corrosion  potential  was  observed  to  increase  by  aeration  of  the  solutions.  An  additional  increase  was 
observed  in  aerated  solutions  when  H-(X  was  added  to  simulate  the  effects  of  radiolysis.  E„„  in  these 
solutions  was  in  the  range  of  the  repass  vation  potentials  for  the  material  in  a  deaerated  1000  ppm  Cl~ 
solution.  This  result  points  out  the  possible  inability  of  the  material  to  repassivate  following  the  initiation 
of  localized  corrosion  in  such  an  environment.  The  mill-finished  surfaces  consistently  had  lower  Enrr 
values  than  their  bulk  composition  counterparts,  in  addition,  thermal  oxidation  had  less  of  an  effect  on 
the  value  of  E„„  for  the  chromium-depleted  surfaces.  The  differences  observed  are  most  likely  caused 
by  a  different  type  of  oxide  film  being  formed  on  the  mill-finished  .surface  as  a  result  of  the  different 
surface  composition.  Since  the  mill-finished  surface  is  deficient  in  chromium,  nickel,  and  molybdenum, 
which  are  the  most  significant  alloying  elements  that  determine  the  localized  corrosion  resistance,  the 
passive  films  formed  on  this  surface  can  be  expected  to  have  inferior  protective  properties  compared  to 
the  bulk  material.  E„„  for  these  surfaces  treated  under  similar  conditions  appeared  to  vary  considerably 
from  sample  to  sample.  The  passive  current  density  of  the  mill-finished  surfaces,  while  highly  variable, 
was  2.2  ftAIcnr,  SO  percent  greater  than  that  of  the  polished  specimens. 

Conclusions 

This  investigation  on  the  surface  effects  of  alloy  825  has  shown  that  in  the  ranges  tested,  the  length  and 
temperature  of  thermal  exposure  in  a  dry  environment  had  no  effect  on  the  breakdown  potential.  E^,  or 
the  repassivation  potential.  E,,,  in  a  wet  environment.  This  was  true  for  both  bulk  composition  and  mill- 
finished  specimens.  Thermal  oxidation,  however,  shifted  the  corrosion  potential.  E„„,  to  a  more  noble 
value  in  correspondence  with  a  reduced  passive  current  density.  The  mill-finished  surfaces  were  observed 
to  have  E,  and  £.„  values  that  were  dependent  on  the  chromium  content  of  the  surface  layers.  Multiple 
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cyclic  potentiodynamic  polarization  tests  showed  that  alter  some  initial  uniform  corrosion  of  the  surfKe 
layers,  pitting  of  the  chromium  depleted  regions  was  initiated  at  220  mV>n,.  when  the  chromium  content 
of  the  depleted  layer  reached  about  17  percent,  in  solutions  containing  £,„  was,  in  some  cases, 
more  noble  than  E,,.  From  the  results  of  this  study,  it  is  evident  that  while  the  E,,  is  a  useful  parameter 
in  predicting  long-term  performance,  the  localized  corrosion  behavior  of  this  proposed  container  material 
is  compromised  by  the  presence  of  a  chromium-deficient,  mill-finished  surface.  Additional  investigatioos 
into  the  detrimental  effects  of  chromium-depleted  surfaces  on  other  proposed  high-level  nuclear  waste 
container  materials  are  warranted. 
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Table  1.  Bulk  and  surface  composition  in  weight  percent  of  alloy  825. 


Analysis 

Fe 

Ni 

Cr 

Ti 

Cu 

Mo 

— 

Al 

rn 

Bulk  (Vendor) 

30.4 

41.1 

22.1 

0.8 

1.8 

3.2 

IB 

0.1 

Bulk  (EDS) 

30.4 

41.1 

22.1 

0.8 

1.8 

3.2 

m 

0.1 

— 

Mill  Surface  (EDS) 

43.4 

35.3 

15.7 

IB 

1.6 

2.1 

m 

IB 

0.01 

Table  2.  Results  of  cyclic  potentiodynamic  polarization  tests  on  as  recaved  and  thermally  aged 
specimens  of  alloy  825. 


Specunen 

treatment 

Corrosion 

potential, 

niV«s 

Passive  current 
density,  itA/an' 

Breakdown 
potential,  E^, 

mV,Q 

Repassivation  1 
potential,  E,^,  | 

1 

As-poUshed  (bulk) 

-595 

1.42 

692 

158 

100°C,  1  day 

-534 

1.25 

684 

115 

lOO^C,  10  days 

-400 

1.00 

683 

166 

100*C,  30  days 

-339 

0.92 

706 

137 

-158 

0.04 

693 

156  1 

I  300°C,  10  days 

-151 

0.10 

705 

156  1 

-96 

0.06 

678 

141  1 

600 


600  — 


10*  lO'  10®  10'  10*  10*  10* 

Curwil  Otmdy. 


Figure  1.  Successive  cyclic  potentiodynamic  polarization  scans  for  mill  flnished 
alloy  825  in  deaerated  1000  ppm  Cl'  at  95*’C.  Scan  rate  =  0.17  mV/sec.  Fresh 
solution  was  used  for  each  scan. 
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Figure  2.  Breakdown  and  repassivation 
potential  in  deaerated  1000  ppm  Cl*  solution 
at  9S“C  vs.  weight  chromium  measured  by 
SEM>EDS  on  corroded  and  cleaned 
specimens.  Scan  rate  =  0.17  mV/sec. 
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Figure  4.  Pit  areal  density  and  pit  depth  as 
functions  of  charge  density. 


Figure  3.  Repassivation  potential  of  polished 
and  thermally  oxidized  specimens  in  deaerated 
1000  ppm  Cr  solution  at  PS^C  as  a  function 
of  charge  density  at  various  chloride 
concentrations.  Scan  rate  =  5  mV/sec. 


Aglno  Tampawlun, 

Figure  5.  Corrosion  potential  of  alloy  825  in 
deaerated  1000  p|mi  Cl*  solutimi  at  PS’C  after 
thermal  oxidation  for  30  days  at  various 
temperatures. 
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Abstract 

The  phase  stability  of  candidate  alloys  under  repository-relevant  conditions  is  a  critical  issue 
that  will  have  an  impact  on  the  long-term  mechanical  and  corrosion  properties  of  the  metal 
barrier.  For  waste  packages  with  the  highest  thermal  outputs,  the  surface  temperature  of  the 
containers  will  rise  to  a  peak  temperature  of  about  250°C.  After  100  years  the  temperature 
will  drop  to  about  150°C  and  will  continue  dropping  slowly. 

This  paper  discusses  the  metallurgical  phase  stability  in  terms  of  precipitation  and  ordering 
behavior  of  Ni-Cr-Mo-W  alloys  after  long  term  aging  at  temperatures  below  550°C.  In 
addition,  the  effect  of  low  temperature  aging  on  the  mechanical  and  corrosion  properties  is 
presented,  Charpy  impact  testing  and  tensile  testing  have  been  used  to  evaluate  the  effect 
of  aging  on  mechanical  properties.  The  corrosion  resistance  has  been  assessed  using 
standard  ASTM  G28A  and  B  test  methods. 

Key  terms:  Nickel  base  alloys,  aging,  corrosion,  impact  strength,  nuclear  waste  canisters, 
phase  stability 


Introduction 

The  current  proposed  design  for  the  containment  of  spent  nuclear  fuel  includes  a  metallic 
outer  canister’  which  provides  structural  support  and  acts  as  a  corrosion  barrier  against  the 
local  groundwater.  Early  research  identified  a  variety  of  materials  as  candidates  for  the 
canister  including  31 6L  stainless  steel  and  alloy  825.^'^  Concerns  were  expressed  that  the 
original  short  list  of  materials  did  not  include  any  material  that  would  completely  resist  the 
potential  conditions  so  the  program  was  expanded  to  survey  other  materials.  A  recent 
review  of  the  extensive  selection  analyses  suggested  three  materials,  alloy  825,  alloy  C-4 
and  titanium  grade  12,  which  were  recommended  for  the  Advanced  Conceptual  Design  of  the 
Yucca  Mountain  Program.®  Corrosion  testing  done  earlier  has  shown  that  in  a  chloride 
solution  that  would  simulate  a  concentrated  J-13  wellwater,  alloy  825  exhibits  considerable 
pitting  and  crevice  attack^  while  C-22  alloy  is  free  from  attack.  J-13  wellwater  is  accepted  as 
being  representative  of  the  nominal  groundwater  in  the  vicinity  of  Yucca  Mountain.  Corrosion 
resistance  of  the  canister  material  is  therefore  an  important  factor  in  material  selection. 


4031 


After  placement  in  the  storage  facility,  it  is  anticipated  that  the  temperature  of  the  canister 
surface  will  increase  to  250-260°C  for  several  years.®  The  temperature  will  then  begin  a  slow 
decline  towards  ambient:  however,  concern  exists  that  this  long-term  thermal  cycle  will 
produce  metallurgical  changes  in  the  alloy  which  will  alter  the  corrosion  resistance.  Most 
commercial  nickel  base  alloys  are  in  a  metastable  condition  having  been  quenched  to  room 
temperature  from  an  annealing  temperature.  It  is  therefore  necessary  to  estimate,  by  aging 
at  elevated  temperatures,  the  potential  kinetics  of  the  formation  of  any  deleterious  second 
phases.  Since  the  kinetics  are  anticipated  to  be  very  slow  at  the  expected  canister 
temperature,  slightly  elevated  temperatures  have  been  used  to  demonstrate  the  stability  of 
three  alloy  C-type  alloys.  In  addition  to  corrosion  resistance,  the  effect  of  aging  on  the 
mechanical  properties  was  also  examined. 

Experimental  Procedure 

The  alloys  used  in  this  program  were  HASTELLOY®  alloys  C-4  (N06455),  C-276  (N 10276), 
and  C-22  (N06022).  The  nominal  compositions  are  shown  in  Table  1.  Production  hot  rolled 
and  annealed  12  mm  plates  were  aged  at  temperatures  of  260,  340,  425,  482,  500,  538,  and 
593°C  in  an  air  atmosphere  muffle  furnace.  A  variety  of  production  heats  were  used  and  not 
all  heats  were  exposed  at  all  temperatures. 

Following  exposure  at  the  desired  temperature,  samples  were  prepared  for  corrosion  testing 
in  both  the  ASTM  G-28A  and  G-28B  environments.  These  environments  are  accelerated 
quality  control  tests  used  to  evaluate  the  effect  of  microstructure  on  corrosion  performance. 
The  origin  of  these  two  tests  was  in  the  work  of  Streicher®  and  Manning’®  to  find 
environments  that  would  highlight  the  presence  of  an  inappropriate  microstructure  with  a 
significant  increase  in  corrosion  rate. 

The  mechanical  properties  were  determined  by  measuring  the  room  temperature  tensile 
strength  and  hardness.  The  potential  loss  in  toughness  was  measured  by  determining  the 
Charpy  impact  strength.  Metallographical  examination  by  optical  and  transmission  electron 
microscopy  to  correlate  structure  with  properties  completed  the  evaluation. 

Results  and  Discussion 

The  mechanical  properties  as  determined  from  the  aged  samples  for  alloys  C-276,  C-4,  and 
C-22  are  presented  in  Tables  2,  3,  and  4  respectively.  In  an  effort  to  better  see  the  effect  of 
time  and  temperature,  the  yield  strength  data  for  alloy  C-276  have  been  normalized  and 
presented  in  Figure  1.  Data  for  425°C  and  538°C  at  4000,  8000,  and  16000  hours  were 
obtained  from  an  earlier  investigation.”  Note  that  the  yield  strength  is  virtually  unaffected 
until  the  aging  at  425°C  exceeded  20,000  hours.  Even  though  the  yield  at  38,000  hours  is 
1 .5  times  the  annealed  yield,  the  material  still  exhibited  a  reduction  in  area  of  64%  and  the 
impact  strength  is  79%  of  the  annealed  condition.  The  sample  aged  at  482°C  for  38,000 
hours  has  doubled  its  yield  strength,  however,  the  material  still  exhibits  54%  reduction  in 
area.  The  impact  strength  has  reduced  to  126  joules,  however,  this  does  not  constitute  a 
brittle  material. 

Figure  2  contains  the  plot  of  the  yield  data  for  alloy  C-4.  Again  it  is  observed  that  the 
properties  to  not  begin  to  change  at  425°C  until  the  time  exceeds  20,000  hours.  After 
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46,000  hours  the  yield  ratio  is  1 .3  but  the  reduction  in  area  is  still  60%  and  the  impact 
strength  is  73%  of  the  annealed  condition.  Even  the  sample  aged  for  38,000  hours  at 
482°C,  which  has  doubled  in  strength,  still  has  58%  reduction  in  area.  The  impact  strength 
has  reduced  to  122  joules,  but  that  still  is  a  usable  material. 

For  alloy  C-22  no  data  exist  for  aging  times  beyond  20,000  hours  or  for  temperatures  above 
425°C.  Within  the  scope  of  this  investigation,  no  measurable  change  in  properties  has 
occurred. 

The  corrosion  rates  as  determined  in  both  the  ASTM  G-28A  and  G-28B  solutions  are  shown 
in  Table  5.  The  G-28A  solution  is  an  oxidizing,  chloride  free,  environment  that  was 
developed  to  be  a  measure  of  microstructure  for  alloy  C-276.  All  three  alloys  in  the  annealed 
condition  exhibit  uniform  attack  unless  the  microstructure  is  heavily  sensitized.  The  rate  in 
this  test  is  dependent  on  the  chromium/molybdenum  ratio,  therefore  alloy  C-22  has 
consistently  lower  values.  In  comparing  the  corrosion  data  with  the  plot  of  yield  strength  in 
Figure  1,  the  corrosion  rate  for  alloy  C-276  increased  by  25%  after  38,000  hours  at  425°C, 
and  this  corresponds  with  a  change  in  the  yield  strength  for  alloy  C-4,  however,  the  increase 
in  yield  strength  (Figure  2)  after  46,000  hours  at  425°C  is  not  accompanied  by  a 
corresponding  increase  in  corrosion  rate.  Even  after  aging  for  38,000  hours  at  482°C,  the 
corrosion  rate  shows  only  a  small  increase  while  the  yield  strength  is  doubled. 

The  G-28B  solution  is  a  highly  oxidizing  high  chloride  media  that  was  developed  to  be  even 
more  sensitive  to  the  presence  of  second  phases  in  the  grain  boundaries  of  alloy  C-276. 

This  test  has  become  the  standard  quality  control  test  for  alloy  C-22  and  is  replacing  the 
G-28A  solution  as  the  standard  for  alloy  C-276.  Because  the  critical  pitting  temperature  for 
alloy  C-4  in  the  G-28B  solution  is  only  90°C,  the  attack  on  alloy  C-4  is  severe  in  the  boiling 
{105°C)  environment  regardless  of  microstructural  condition.  The  high  rates  make  it 
impossible  to  detect  small  changes  in  rate.  For  alloys  C-22  and  C-276,  no  changes  in  rate 
are  noted  for  aging  times  up  to  20,000  hours  at  425°C,  although  the  rates  for  C-22  alloy  are 
consistently  lower  than  those  for  alloy  C-276.  In  the  case  of  alloy  C-276  aged  for  38,000 
hours  at  482°C,  the  corrosion  rate  is  virtually  unaffected  even  though  the  yield  strength  has 
doubled.  Only  aging  at  538°C  produces  significant  increases  in  the  corrosion  rates  for  alloy 
C-276.  This  difference  in  performance  is  related  to  the  phases  present  in  the  microstructure. 

To  understand  what  changes  are  occurring  in  the  microstructure  to  produce  the  observed 
changes  in  mechanical  property  and  corrosion  resistance  and  how  these  might  alter  the 
behavior  of  samples  aged  at  lower  temperatures,  requires  an  understanding  of  the  physical 
metallurgy  of  these  alloys. 

All  three  alloys  fall  in  the  gamma  phase  solid  solution  region  of  the  Ni-Cr-Mo  phase  diagram 
at  1200°C,  however,  at  lower  temperatures  three  metallurgical  reactions  are  possible  to 
varying  degrees.’^  A  mu-phase  based  on  the  FegMOg  structure  has  been  identified’®  in  alloy 
C-276  that  begins  to  precipitate  on  grain  boundaries  at  about  1075°C.  Only  6  minutes  at 
900°C  are  required  to  precipitate  enough  mu-phase  to  significantly  alter  the  corrosion  rates. 
The  reaction  rate  decreases  with  time  so  that  approximately  1000  hours  at  650°C  are 
required  before  precipitates  are  observed.  Alloy  C-4  was  developed  to  be  mu-phase  free  by 
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controlling  the  Nv  of  the  alloy  to  a  value  which  was  observed  experimentally  to  delay 
precipitation  for  1000  hours  at  900°C.’^  Because  the  tungsten  was  eliminated  to  gain  the 
phase  stability  desired,  the  localized  corrosion  resistance  was  decreased.  When  alloy  C-22 
was  developed,  the  composition  was  balanced  in  an  attempt  to  improve  the  localized 
corrosion  resistance  beyond  that  of  alloy  C-276  without  the  thermal  stability  problem.’^  In  all 
three  alloys,  the  kinetics  of  mu-phase  precipitation  are  slow,  and  the  data  suggest  that  at 
temperatures  below  600°C,  it  should  not  be  present  in  the  microstructure. 

The  carbon  content  required  for  these  alloys  to  be  completely  free  from  carbide  precipitation 
is  unknown.  The  carbon  levels  are  typically  less  than  0.010  weight  percent  but  MgC  carbides 
can  still  precipitate  in  all  three  alloys.  Curves  showing  the  precipitation  of  carbides  in  alloy 
C-276  were  also  developed  during  the  mu-phase  study.’^  When  the  Nv  controlled  alloy  C-4 
was  developed,  it  was  found  that  increasing  the  total  stability  also  slowed  the  kinetics  of 
carbide  precipitation. It  is  believed  that  this  situation  exists  because  the  composition  of  the 
mu-phase  and  carbides  are  identical  except  for  the  fact  that  carbon  is  present  in  one.’®  The 
curve  showing  the  precipitation  of  carbides  as  a  function  of  temperature  versus  time  in  alloy 
C-276  was  observed  to  lay  parallel  to  the  mu-phase  curve  but  approximately  one  order  of 
magnitude  shorter  in  time  at  temperatures  below  700°C.  Extrapolation  of  this  curve  would 
suggest  that  grain  boundary  carbide  precipitation  would  only  be  present  when  the 
temperatures  are  above  about  500°C. 

The  third  metallurgical  reaction  is  the  formation  of  a  long  range  ordered  compound  based  on 
the  formula  AjB.  This  reaction  has  been  studied  extensively  in  the  binary  Ni-Cr  system  by 
Klein. The  first  identification  of  this  phase  in  a  commercial  alloy  was  in  connection  with  a 
reactor  made  from  alloy  C-276  which  had  been  operated  at  approximately  500°C  for  2 
years.’®  The  presence  of  the  phase  was  identified  by  using  transmission  electron  microscopy 
and  selected  area  diffraction.  The  composition  was  assumed  to  be  Ni2(Cr,Mo).  Experiments 
were  performed  to  show  that  aging  for  1000  hours  at  500°C  produced  an  increase  in  the 
yield  strength  with  little  or  no  loss  in  ductility  or  impact  strength  in  alloy  C-276.’®  The  AgB 
reaction  is  considered  as  a  second  order  phase  transformation.  If  one  compares  the  specific 
heat  versus  temperature  curve  a  discontinuity  occurs  in  the  vicinity  of  600°C  which  indicates 
that  the  ordering  reaction  is  proceeding.  This  same  discontinuity  exists  for  all  three  alloys, 
indicating  that  the  same  reaction  occur©  in  ail  three  alloys. 

The  microstructures  of  alloys  C-4,  C-276,  and  C-22  after  aging  for  20,000  hours  at  425°C  are 
presented  in  Figure  3.  The  photomicrographs  at  500X  show  that  the  alloys  are  basically 
single  phase  with  no  precipitates  in  the  grain  boundaries.  Some  scattered  second  phases 
are  present  but  these  are  primary  phases  produced  from  solidification  segregation  in  the 
ingot  and  they  do  not  participate  in  the  low  temperature  precipitations.  A  transmission 
electron  micrograph  for  the  alloy  C-22  sample  (Figure  4)  shows  that  only  the  face  centered 
cubic  structured  matrix  is  present. 

Examination  of  the  structure  of  alloy  C-4  aged  for  45,896  hours  at  425°C  (Figure  5)  indicates 
that  the  AgB  long  range  ordering  has  begun.  For  alloy  C-276  after  37,896  hours  at  the  same 
temperature  (Figure  6)  only  the  matrix  phase  is  present.  This  would  suggest  that  the  phase 
boundary  for  AgB  probably  would  be  crossed  somewhere  between  these  two  times.  When 
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the  temperature  of  aging  was  increased  to  482''C  (Figure  7).  alloy  C-276  has  a  well 
developed  AgB  structure  for  the  same  aging  time  of  37,896  hours.  Increasing  the 
temperature  and  time  produced  still  further  changes.  When  alloy  C-276  was  aged  53,880 
hours  at  538''C  a  grain  boundary  phase  was  present  (Figure  8a).  Transmission  microscopy 
identified  this  phase  as  MgC  (Figure  8b)  and  also  indicated  that  the  AgB  structure  is  present. 
The  presence  of  the  grain  boundary  carbide  phase  in  the  structure  coinsides  with  the  rapid 
increase  in  corrosion  rate  (Table  5)  and  the  large  drop  in  impact  strength  (Table  2).  A 
diagram  was  constructed  (Figure  9)  showing  the  phases  identified  for  all  samples.  It  is 
obvious  that  the  increase  in  strength  experienced  by  those  samples  aged  at  temperatures 
above  425°C  or  longer  than  35,000  hours  is  due  to  the  precipitation  of  the  A2B  phase.  This 
phase  is  also  responsible  for  the  slight  increases  in  corrosion  rate  experienced  by  these 
same  samples.  In  addition  to  AjB,  the  two  samples  aged  at  538°C  also  contained  MgC 
carbides.  These  samples  suffered  the  most  significant  loss  in  corrosion  resistance  and 
impact  strength. 

Assuming  that  the  AgB  boundary  as  drawn  on  the  phase  stability  diagram  (Figure  7)  is 
correct,  it  would  predict  that  it  would  take  100  years  to  cross  this  boundary  at  approximately 
380°C.  Since  the  maximum  temperature  in  the  metal  canister  is  expected  to  be  260°C,  the 
time  required  to  develop  the  ordered  structure  would  be  about  400,000  years  assuming  that 
the  boundary  can  be  extrapolated  for  3  more  decades  on  the  time  axis.  The  canister  is  only 
expected  to  be  at  the  maximum  temperature  for  10-15  years  before  it  begins  to  decay.  The 
data  presented  here  definitely  suggest  that  no  measurable  change  would  occur  in  these 
alloys  during  this  time  period. 


Conclusions 

The  examination  of  a  series  of  long  term  aged  alloy  C-type  compositions  has  shown  that 

1)  Development  of  the  ordered  AgB  phase  in  these  alloys  would  not  be  expected  at  the 
maximum  expected  canister  temperature  for  times  in  excess  of  100  years. 

2)  The  presence  of  the  ordered  structure  does  not  appreciably  reduce  the  corrosion 
resistance  or  the  impact  strength  of  the  alloys  even  if  it  does  form. 

3)  The  corrosion  resistance  of  alloy  C-22  is  the  best  of  the  three  alloys  which  should 
make  it  the  leading  candidate  for  the  canister  material. 


®  HASTELLOY  is  a  registered  trademark  of  Haynes  International,  Inc. 
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TABLE  1 


Nominal  Alloy  Compositions 


Alloy  Composition  (wt.%)  | 

Element 

Alloy  C-4 

Alloy  C-276 

Alloy  C-22 

Ni 

65 

57 

56 

Co 

2.0* 

2.5* 

2.5* 

Cr 

16 

16 

22 

Mo 

16 

16 

13 

Fe 

3* 

5 

3 

W 

- 

4 

3 

C 

0.01* 

0.01* 

0.01* 

Si 

0.08* 

0.08* 

0.08* 

Mn 

1* 

1* 

0.5* 

P 

.020* 

.020* 

0.020* 

S 

.004* 

.004* 

.004* 

Ti 

0.7* 

- 

V 

. 

0.35* 

0.3S* 

*  Maximum  | 
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TABLE  2 

Mechanical  Properties  Alloy  C-276 


1  Alloy 

Rockwell 

Yield  Strength 

%  Reduction 

Impact  Strength 

1  Condition 

Hardness 

MPa 

in  Area 

Joules®** 

1  Heat  7-3868  | 

annealed 

B89 

358 

74 

358 

10,000  hrs  @  260°C 

B90 

345 

72 

358 

20,000  hrs  @  260°C 

B93 

352 

74 

358 

10,000  hrs  @  340°C 

B92 

400 

65 

352 

20,000  hrs  @  340°C 

B93 

407 

66 

358 

10,000  hrs  @  425°C 

B93 

345 

68 

358 

20,000  hrs  @  425°C 

B89 

345 

68 

358 

Heat  4-3962  | 

annealed 

B93 

352 

78 

358 

37,896  hrs  @  425'’C 

C22 

545 

64 

284 

37,896  hrs  @  482°C 

C32 

731 

54 

126 

Heat  0-3179 

annealed 

453 

358 

78 

- 

4,000  hrs  @  425°C 

A55 

358 

80 

- 

8,000  hrs  @  425°C 

A55 

365 

79 

- 

16,000  hrs  @  425°C 

A53 

386 

76 

- 

4,000  hrs  @  538°C 

A67 

737 

51 

- 

8,000  hrs  @  538°C 

A67 

772 

21 

- 

53,880  hrs  @  538°C 

C28 

786 

18 

2 
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TABLE  3 

Mechanical  Properties  Alloy 


Alloy 

Condition 

Rockwell 

Hardness 

Yield  Strength 
MPa 

%  Reduction 
in  Area 

Impact  Strength 
Joules** 

Heat  8-0942  | 

annealed 

890 

379 

73 

358 

10.000  hrs  0  260*0 

890 

345 

73 

307 

20.000  hrs  0  260°C 

890 

352 

70 

358 

10.000  hrs  0  340°C 

890 

352 

71 

336 

20.000  hrs  0  340*0 

891 

352 

71 

358 

10.000  hrs  0  425*0 

891 

372 

68 

336 

20.000  hrs  0  425*0 

893 

393 

66 

358 

Heat  5-0826  | 

annealed 

892 

345 

73 

356 

37.896  hrs  0  425*0 

895 

379 

69 

292 

37.896  hrs  0  4820 

C30 

703 

58 

122 

Heat  2-7141  | 

annealed 

892 

379 

73 

323 

1.000  hrs  0  4250 

892 

410 

65 

- 

4.000  hrs  0  4250 

892 

393 

70 

891 

412 

63 

- 

16.000  hrs  0  4250 

892 

420 

69 

274 

45.896  hrs  0  4250 

C20 

483 

60 

237 

1.000  hrs  0  5380 

A68 

786 

51 

• 

4.000  hrs  0  5380 

467 

779 

51 

• 

8.000  hrs  0  5380 

A68 

800 

47 

. 

- 

772 

42 

28 

45.896  hrs  0  5360 

C35 

779 

41 

26 

(a)  each  value  represents  the  average  of  2  samples 

(b)  capacity  of  testing  machine  358  joules 


TABLE  4 

Mechanical  Properties  Alloy  C-22 


AHoy 

Condition 

Rockwell 

Hardness 

Yield  Strength 

1  MPa 

%  Reduction 
in  Area 

1  ImcNicI  Strength 

1  JouM** 

Heat  7-3173  1 

annealed 

890 

385 

83 

358 

10.000  hrs  0  2600 

890 

345 

83 

358 

20,000  hrs  0  2600 

890 

365 

82 

358 

10.000  hrs  0  3400 

889 

386 

62 

358 

20.000  hrs  0  3400 

893 

379 

82 

358 

10.000  hrs  0  4250 

893  , 

365 

81  J 

358 

20,000  hrs  0  4250 

893 

379 

81 

356 
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IjBiAM  lafluMA  Ifi  OfllM 


TABLE  5 


r»T!?^ 


alloy  C*4 
Heat  8-0942 


alloy  C-276 
Heat  7-3868 


Magnification  500X 


alloy  C-22 
Heat  7-3173 


Magnification  500X 


Figure  3:  Microstructures  of  alloys  aged  at  425°C  for  20,000  hours 
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Figure  4:  Alloy  C*22  aged  20.CXX)  hours  at  425°C  with  [100]  matrix  pattern 


Figure  5: 


Alloy  C-4  aged  45.896  hours  at  425°C  with  [100]  matrix  showing  weak 
superlattice  spots 
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Figure  6:  Alloy  C-: 


Figure  7:  Alloy  C-2 


Alloy  C-276  aged  53,880  hours  at  538'’C 

(a)  Shows  presence  of  grain  boundary  phase 

(b)  [100]  matrix  pattern  shows  A^B  phase  present  in  grains  and  [110]  matrix 
patern  identifies  grain  boundary  phase  as  MgC 


List  Of  Negative  Numbers 


Figure  3; 

67154 

Figure  6; 

10309  (BF) 

67156 

10311  (DP) 

67158 

Figure  7: 

10318  (BF) 

Figure  4: 

10331  (BF) 

10330  (DP) 

10313  (DP) 

Figure  8: 

67170 

Figure  5; 

10297  (BF) 

10319  (BF) 

10299  (DP) 

10320  (DP-AjB) 
10326  (DP-MgC) 
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ON-LINE  MONITORING  OF  CORROSION  IN  FIELD 
PIPE  GATHERING  SYSTEMS 

K.  Lawson*,  A.  N.  Rothwell*,  L.  Fronczek'*'  and  C.  Langer'*' 

*  CAPCIS  MARCH  Ltd  +  Southern  California  Gas  Company 
Bainbridge  House  5S5  West  Fifth  Street 

Granby  Row  Los  Angeles 

Manchester  California  CA  90013-101 1 

Ml  2PW  United  States  of  America 

United  Kingdom 

ABSTRACT 

This  paper  describes  the  use  of  real-time  on-line  electrochemical  corrosion  monitoring  to 
characterise  the  corrosion  behaviour  in  a  wet  gas  withdrawal  system.  The  corrosion  activity  was 
found  to  vary  enormously  with  gas  extraction  rates  with  some  conditions  resulting  in  periods  of 
high  corrosion  being  identifiable.  The  corrosion  attack  was  not  continuous  and  several  mitigating 
factors  were  examined  in  order  to  determine  the  most  effective  in  terms  of  minimising  corrosion 
attack. 
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INTRODUCTION 


This  paper  discusses  the  results  obtained  during  a  period  of  continuous  on-line  real-time  corrosion 
monitoring  at  one  of  the  gas  storage  facilities  operated  by  Southern  California  Gas.  The  gas 
storage  facility  investigated  consists  of  a  number  of  gas  storage  wells  which  are  connected  into  a 
common  withdrawal  header  system.  Whilst  the  injection  gas  is  supplied  dry,  upon  withdrawal  the 
gas  is  produced  'wet'  with  approximately  9000-13000  ppm  chloride  and  0.8-1. 2%  CO2;  the 
produced  fluids  are  normally  found  to  comprise  50.50  oil.brine  v^th  ambient  temperatures  ranging 
from  OO-IOO^C  and  line  pressures  of  up  to  700  psig.  In  solution  chemical  terms,  the  relatively 
high  concentration  of  chloride  and  the  presence  of  CO2  imply  that  the  produced  fluids  are, 
potentially,  highly  corrosive.  It  was  suspected,  however,  that  variations  in  the  operation  of  this 
gas  storage  field  could  generate  service  environments  which  would  promote  corrosion  and  others 
which  would  limit  it.  This  investigation,  therefore,  was  concerned  with  characterising  the  natural 
corrosion  behaviour  during  normal  plant  operations  with  a  view  to  determining  whether  part  (or 
parts)  of  the  process  caused  enhanced  corrosion  attack. 

Previous  experience  at  Southern  California  Gas  had  shown  that  corrosion  attack  was  found  to 
occur  predominately  at  bottom  dead  centre  at  low  points  in  the  withdrawal  line.  Regular 
inspection  had  indicated  that  corrosion  attack  was  not  being  alleviated  to  the  degree  anticipated, 
even  though  inhibitors  were  being  injected  both  at  the  well  head  and  gathering  line,  and  despite 
rigorous  drainage  of  the  produced  fluids  from  low  points  twice  a  day. 

METHODOLOGY 

In  the  majority  of  cases  the  use  of  a  single  corrosion  monitoring  technique  will  not  satisfactorily 
detect  all  corrosion  conditions,  therefore  multiplexing  a  number  of  powerful  and  complementary 
monitoring  techniques  provides  a  useful  investigative  tool  for  determining  the  factors  that  lead  to 
corrosion  and  the  resulting  morphology  of  attack  [1]. 

The  CML  portable  multi-system  'MUSYC  corrosion  monitor  was  utilised  during  this  work.  This 
system  incorporates  the  simultaneous  logging  of  the  coupling  (or  ZRA)  current,  electrochemical 
potential  noise  (EPN),  electrochemical  current  noise  (ECN),  and  linear  polarisation  resistance 
(LPRM).  Whilst  LPRM  is  useful  for  determining  overall  corrosion  rates,  the  electrochemical  noise 
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techniques  are  particularly  sensitive  in  regimes  where  localised  corrosion  activity  is  the 
predominant  mode  of  attack,  eg.  pitting  corrosion  [1], 

Sensor  probes  used  during  this  work  were  inserted  through  industry  standard  2-inch  high  pressure 
fitting.  The  sensors  were  located  at  bottom  dead  centre  of  the  withdrawal  line  at  low  points. 
Several  sensors  were  installed  in  the  withdrawal  line,  however,  for  the  purpose  of  this  paper,  we 
shall  only  consider  the  results  obtained  from  two,  these  being  located  at  manual  drains  2  and  6. 

SOLUTION  CHEMISTRY 

The  chemistry  of  the  C02-water  system  is  complex  [2]  and  shall  therefore  be  treated  very  briefly 
here.  Field  data  had  shown  that  CO2  partial  pressures  were  of  the  order  of  5.6  to  8.4  psig  (based 
upon  a  line  pressure  of  700  psig)  and  that  the  solution  pH  ranged  from  pH  6  to  pH  8.  Calculations 
were  performed  using  the  known  chemical  equilibria  for  this  system  in  order  to  determine  the 
solution  pH  as  a  function  of  pC02.  When  this  was  done  it  was  found  that  the  solution  pH  should 
be  of  the  order  of  pH  4.6  to  pH  4.2  respectively,  based  upon  the  above  CO2  partial  pressures, 
therefore  it  can  be  concluded  that  in  this  system  the  pH  is  not  controlled  by  the  CO2  partial 
pressure.  Other  calculations  were  run  which  show  that  pH's  at  the  metal  surface  are  markedly 
higher  than  those  in  the  bulk  solution  (Figure  1).  This  reflects  the  very  poor  buffering  ability  of 
this  system,  in  kinetic  terms,  and  shows  that  carbonate  film  formation  may  be  possible  even 
though  the  bulk  chemistry  implies  that  it  may  not  be  favourable. 

RESULTS 

Prior  to  the  commencement  of  corrosion  monitoring,  all  inhibitor  injection  was  stopped.  This 
allowed  the  system  to  be  characterised  in  terms  of 'base-line'  behaviour.  Typical  responses  from 
the  CML  'MUSYC  instrument  at  manual  drain  2  during  this  base-lining  period.  Figure  2,  and 
approximately  24  hours  after  inhibitor  injection  commenced.  Figure  3,  illustrate  some  very 
interesting  and  characteristic  features: 

(i)  Pronounced  step-like  changes  in  the  signal  responses  were  found  to  occur  at  certain  times 
during  plant  operation  (Figure  2).  The  "step”  exhibited  in  Figure  2  represents  an  increase 
in  corrosion  rate  (at  2:20pm,  January  10,  1992)  from  approximately  0.3  mpy  to  218  mpy 
(corrosion  rates  being  calculated  by  using  the  LPRM  data  and  applying  the  Stem-Geary 
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equation).  ZRA  currents  also  increased  markedly  from  approximately  O.S6pA  to  287pA, 
consistent  with  enhanced  corrosion  attack. 

(ii)  Corrosion  rates  were  found  to  be  very  high  even  when  inhibitor  injection  had  been 
implemented  24  hours  earlier.  Figure  3  shows  an  almost  constant  corro»on  rate  of 
approximately  232  mpy  despite  inhibitor  injection  to  2Sppm. 

(Hi)  The  electrochenical  noise  signals  in  both  Figures  2  and  3,  and  indeed  throughout,  were 
found  to  be  consistent  with  general  corrosion  attack. 

Pronounced  step-like  changes  in  corrosion  activity  were  not  only  peculiar  to  the  "base-lining" 
period  of  the  investigation  where  all  inhibitor  injection  was  stopped.  Rapid,  step-like  increases  in 
corrosion  activity  were  also  found  to  occur  even  when  inhibitor  injection  had  been  implemented, 
as  shown  by  the  signal  responses  in  Figure  4.  This  behaviour  was  all  the  more  surprising 
particularly  in  view  of  the  fact  that  for  the  period  coinciding  with  that  in  Figure  4,  the  inhibitor 
rate  had  increased  to  160  ppm. 

The  corrosion  activity  at  manual  drain  6  was  found  to  be  very  similar  to  that  observed  at  manual 
drun  2,  in  that  characteristic  step-like  changes  in  the  signal  responses  were  also  in  evidence,  again 
despite  inhibitor  dosing  (Figure  5).  However,  the  lower  limiting  corrosion  rate  tends  to  be  much 
higher  at  manual  drain  6  than  that  observed  at  manual  drain  2  (compare  the  lower  limiting 
corrosion  rate  in  Figure  5  (approximately  8  mpy)  with  those  in  Figures  2  and  4  (approximately  0.3 
mpy)). 

Longer  term  trends  in  the  corrosion  behaviour  at  both  locations  were  ascertained  by  combining 
numerous  data  files  together  (each  data  file  representing  a  logging  period  of  eight  hours), 
converting  the  electrochemical  signals  into  corrosion  rates  and  plotting  these  in  real-time,  typically 
to  cover  a  period  of  three  days.  Figures  6  and  7  correspond  to  two  such  corrosion  rate-time  plots 
for  manual  drain  2  and  manual  drain  6  respectively.  From  these  data  one  can  highlight  the 
following  points: 

(i)  The  range  of  corrosion  rates  measured  was  found  to  be  enormous  (0.2  to  250  mpy), 
however,  of  greater  significance  is  the  fact  that  the  corrosion  rate  could  change  almost 
instantaneously. 


4049 


(ii)  As  previously  mentioned,  the  lower  limiting  corrosion  rate  at  manual  drain  6  was  typically 
found  to  be  greater  than  that  at  manual  drain  2  (with  reference  to  Figures  6  and  7,  these 
ranged  from  about  0.2-0.3  mpy  for  manual  drain  2  and  4-9  mpy  for  manual  drain  6) 

(iii)  At  certain  periods  the  corrosion  rate  was  found  to  be  highly  variable,  however  by 
comparison  with  the  pronounced  "steps",  these  changes  were  found  to  occur  over 
considerably  shorter  time  intervals,  varying  in  an  almost  oscillatory  fashion. 

(iv)  In  all  cases  transient  changes  in  the  corrosion  rate  were  observed  despite  dosing  the 
system  with  inhibitors. 

DISCUSSION 

The  results  obtained  during  this  monitoring  project  are  only  explicable  when  one  refers  to  the 
relevant  process  parameters  for  the  periods  coincident  with  the  changes  in  the  corrosion  rate. 
When  these  comparisons  were  made  it  was  found  that  the  corrosion  rate  at  either  manual  drain  2 
or  manual  drain  6  was  a  function  of  the  withdrawal  status  of  gas  wells  upstream.  This  is 
demonstrated  when  one  refers  to  the  annotations  made  in  Figures  6  and  7,  which  represent  wells 
either  being  switched  over  to  withdrawal  or  shut-in.  It  is  also  clear  from  the  process  information 
that  no  single  gas  well  was  responsible  for  causing  enhanced  corrosion  at  either  location. 

It  is  postulated  that  the  observed  corrosion  behaviour  is  a  function  of  the  local  gas  velocity.  This 
is  assumed  because  the  local  gas  velocities  would  increase  dramatically  once  more  and  more  wells 
upstream  are  switched  over  to  withdrawal,  and  vice  versa  when  shut-in.  At  low  local  gas 
velocities  the  produced  fluids  could  settle  out,  whilst  at  high  velocities  the  probability  of  fluid 
drop-out  would  be  very  small.  The  "step-like"  way  in  which  the  corrosion  rate  was  found  to 
change  would  appear,  therefore,  to  reflect  the  tendency  for  fluid  drop-out  as  the  local  gas  velocity 
changes. 

The  extremely  variable  nature  of  the  corrosion  rate  at  certain  periods  was  very  probably  due  to 
small  "slugs"  of  fluid  being  forced  through  the  line  at  intermediate  gas  velocities  where  the 
"wetting"  and  "drying"  cycles  would  be  rapid.  Once  the  local  velocity  becomes  low  enough,  the 
"slugging"  effect  would  stop  and  the  corrosion  rate  would  become  constant  and  high.  This 
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concurs  with  the  behaviour  exhibited  in  Figure  6,  where  initially  the  corrosion  rate  was  highly 
variable  until  well  22  directly  upstream  was  shut-in,  and  the  "slugging”  effect  ceased. 

One  can  ascertain  the  degree  of  corrosion  attack  by  comparing  the  cumulative  metal  loss 
(calculated  from  Faraday's  law)  for  both  manual  drains  2  and  6;  these  were  calculated  in  mils  and 
subsequently  plotted  with  respect  to  real-time  for  the  period  studied  (Figures  8  and  9).  From  these 
data  it  becomes  obvious  that  the  metal  loss  at  manual  drain  6  was  approximately  twice  as  great  as 
that  at  numual  drain  2.  Moreover,  the  majority  of  the  corrosion  damage  was  sustained  over 
relatively  short  time  scales,  as  evidenced  for  example  in  the  case  of  manual  drain  6,  where 
approximately  83%  of  the  total  cumulative  metal  loss  was  sustained  within  a  period  of  only  IS 
days  (15%  of  the  measurement  period).  Figure  10. 

Manual  drain  blow-down,  which  simply  involved  the  rigorous  drainage  of  the  accumulated  fluids, 
was  a  method  that  was  initially  thought  to  be  useful  for  controlling  corrosion.  Monitoring  at  both 
manual  drtuns  2  and  6  showed  conclusively  that  this  operation  made  no  significant  impact  in  terms 
of  reducing  the  corrosion  rate,  since  it  was  likely  that  once  the  fluids  had  been  drained  off,  they 
were  rapidly  replenished  from  wells  upstream. 

The  inhibitor  packages  employed  were  found  to  be  relatively  ineffective  in  controlling  the 
corrosion  of  the  pipeline  system  even  when  dosage  rates  were  recorded  of  up  to  400  ppm.  The 
relation^ip  between  inhibitor  dosage  and  corrosion  rate  can  be  seen  in  Figure  1 1 . 

CONCLUSIONS 

1 .  The  corrosion  attack  observed  at  both  manual  drains  2  and  6  was  undoubtedly  due  to  fluid 
drop  out.  The  corrosion  attack  was  not  constant,  and  was  found  to  vary  with  the 
withdrawal  status  of  gas  wells  upstream. 

2.  Manual  drain  blow-down  operations  did  not  make  any  significant  impact  in  terms  of 
controlling  corrosion. 

3.  The  corrosion  inhibitors  used  during  this  investigation  were  found  to  be  relatively 
ineffective  in  terms  of  reducing  the  corrosion  rate,  even  when  dose  rates  were  increased  to 
very  high  levels.  It  is  likely  that  corrosion  control  by  inhibitors  could  still  be  achieved. 
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however,  one  cannot  over-emphasise  too  stron^y,  the  importance  of  inhibitor  chemistry  in 
terms  of  its  "in-service"  performance.  Whilst  it  is  undoubtedly  true  that  initial  laboratory 
tests  would  be  a  useful  inhibitor  "screening"  process,  actual  field  performance  can  only  be 
established  through  plant  monitoring. 

4.  Cumulative  metal  loss  calculations  have  shown  that  the  majority  of  corrosion  damage  had 
been  sustained  within  very  short  periods  of  time.  Identifying  these  periods  of  enhanced 
corrosion  attack,  and  their  causes,  allowing  the  operator  to  implement  suitable  measures 
to  control  it,  thus  lending  the  useful  lifetime  of  the  pipeline. 
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Surface  pH  at  Bulk  pH's  4  and  6.5 
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Figure  1 :  Illustrating  the  change  in  pH  as  the  metal  surface 
is  approached.  The  parameter  dn  is  the  Nernst 
diffusion  layer  thickness  for  protons  and  x  is  a 
finite  subdivision  of  dn.  pH's  were  calculated 
using  the  phase  equilibria  for  this  system 
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Figure  2 
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Abstract 

A  simulation  algorithm  of  corrosion  potentials  for  BWR  plant  materials 
has  been  demonstrated.  Cathodic  and  anodic  electrochemical  kinetic 
equations  have  been  derived  by  analyzing  kinetic  models  involving 
water  radiolysis  products  of  oxygen,  hydrogen  peroxide,  and  hydrogen. 
Corrosion  rates  of  type  304  stainless  steel  with  respect  to  corrosion 
potentials  are  formulated  by  numerical  analysis  as  well.  An 
electrochemical  mixed  potential  theorem  is  applied  to  compute  corrosion 
potentials.  How  rate  effects  of  coolants  on  corrosion  potentials  of  plant 
structural  materials  are  expressed  as  a  function  of  diffusion  layer 
thickness.  A  fundamental  technique  and  a  theory  to  simulate  corrosion 
potentials  have  been  developed.  Corrosion  potentials  in  BWR  conditions 
can  be  simulated  by  these  results. 

Key  terms:  corrosion  potential,  ECP,  stress  corrosion  cracking,  water 
chemistry,  BWR 
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Introduction 

Corrosion  potential  monitoring  of  structural  materials  is  of  great  interest 
as  a  means  for  stress  corrosion  cracking!  SCC)  mitigation.  In  BWR  plants, 
ECP(£lectrochemicaI  potential)  is  accepted  as  synonymous  to  corrosion 
potential! ).  An  ECP  threshold  for  SCC  has  been  considered  as  a  criterion 
for  water  chemistry  control.  The  hydrogen  injection  technique  which 
reduces  ECP  by  reducing  concentrations  of  oxygen  and  hydrogen 
peroxide  in  BVS^  coolants  has  been  one  of  practical  approaches  for  water 
chemistry  control.  ECP  measurements  by  ECP  sensors,  e.g.,  silver/silver 
chloride,  are  essential  monitoring  techniques  few  this  hydrogen  injection 
effects  on  SCC  mitigation.  Since  the  emplacement  of  an  ECP  sensor  into 
plant  components  has  been  mainly  restricted  by  plant  structures, 
especially  for  reactor  core  regions,  ECP  simulation  becomes  a  significant 
method  to  evaluate  ECP  at  locations  of  infeasible  ECP  measurements. 
Macdonald  demonstrated  simulated  ECP  data  of  practical  BWR  plants 
under  hydrogen  injection  conditions!  1).  ECP  evaluations  have  been 
discussed  from  various  view  points  of  electrochemistry,  flow  velocity  of 
coolant,  and  water  radiolysis!  2-5). 

However,  quantitative  kinetic  expressions  presented  earlier  in  the 
papers  to  evaluate  ECP  did  not  properly  take  into  account  the  processes 
occuring  in  BWR  conditions!  1-5).  They  were,  therefore,  unable  to  explain 
kinetics  even  for  the  case  of  oxygen  alone.  No  electrochemical  kinetics 
relating  to  BWR  water  environments  has  been  demonstrated  yet. 
Elucidation  of  electrochemical  kinetics  of  water  radiolysis  products  and 
structural  materials  means  obtaining  a  benchmark  for  ECP  simulations. 
In  BWR  conditions,  oxygen  and  hydrogen  peroxide  are  oxidants  for 
structural  materials.  Hydrogen  and  steels  that  are  oxidized  by  the 
above  species  are  reductants.  Electrochemical  kinetics  of  oxygen  and 
hydrogen  peroxide  have  closely  related  mechanisms!  6-9).  Moreover, 
oxygen  and  hydrogen  peroxide  kinetics  under  BWR  conditions  are 
different  from  those  proposed  for  ambient  temperatiu*e  conditions!  6-9). 
A  primary  difference  is  that  hydrogen  peroxide  is  not  only  an 
intermediate  for  oxygen  reduction  but  it  is  initially  present  in  the  core 
regions!!,  4). 

Here,  analytical  model  for  cathodic  and  anodic  reaction  mechanisms 
under  BWR  conditions  are  demonstrated  and  kinetic  equations  for  ECP 
simulations  are  derived. 


Kinetics  for  Corrosion  Potential(ECP)  Simulation 

The  ECP  is  calculated  by  employing  mixed  potential  theorem  and  solving 
an  equation  with  unknown  electrode  potential  for  which  a  cathodic  and 


!  )  In  this  paper,  it  is  also  convenient  to  express  corrosion  potential  as  ECP,  even 
though  correct  definitions  of  these  terms  may  be  different. 
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an  ancxiic  charge  transfer  rates  are  equal  to  each  other(l,10).  In  this 
section,  cathodic  and  anodic  charge  transfer  rates  are  elucidated. 

Cathodic  Kinetic  Modei  &  Equations 

Figure  1  shows  the  kinetic  mt^el  of  cathodic  reactions  for  BWR 
environments.  A  chemical  decomposition  of  hydrogen  peroxide  is 
assumed  in  Eq.[l](ll). 


H202 


(1/2)  02  +  H20 


[1] 


and  kg  appearing  in  Figure  1  are  chemical  decomposition  rate 
constants  at  steel  surfaces  and  in  BWR  coolants,  respectively. 
Hydrogen  peroxide  is  also  decomposed  by  the  electrochemical  process 
designated  in  terms  of  the  heterogeneous  rate  constants  k2'  and  kg. 
Oxygen  reduction  takes  place  two  consecutive  charge  transfer  reactions 
which  may  occur  simultaneously  and  parallel  to  another  charge  transfer 
reaction  designated  by  the  heterogeneous  rate  constant  kj(9,12).  The 
consecutive  charge  transfer  mechanism  involving  hydrogen  peroxide  as 
intermediate  is  the  most  possible  since  the  steels  are  covered  with  thick 
passive  films  in  BWR  conditions(12).  a  j  is  the  cathodic  transient 
coefficient  for  each  charge  transfer  step  for  j=l,2  or  3.  Eq  ,  Ejq  ,  and 
are  the  standard  electrode  potentials  for  each  transfer  step.  Thus,  ki, 
k2,  k2',  and  ka  are  expressed  as  kio  exp{-4aiF(E-Eio)/RT}[H+]4, 
k2oexpf-2a2F(E-E2o)/RTKH+]2,  k2o’exp{2(l^F(E-E2o)/RT},  and 
k3oexpf-2a3F(E-E3o)/RT|[H+]2,  respectively.  kio[H+]4  k20  [H+]2,  k2o', 
and  kao  [H+]2  are  the  rate  constants  with  units  of  cm/s.  F,  R,  and  T  have 
their  usual  significance.  E  is  the  so-called  electrode  potent!^. 

From  Figure  1,  linear  diffusion  processes  of  oxygen  and  hydrogen 
peroxide  near  vicinities  of  steels  are  expressed  by  Eqs.[2-3]. 

3CA(x,t)/dt  =  DA(3^CA(x,t)/9x2]  +  (k5/2)CB(x,t)  [2] 


3CB(x,t)/9t  =  DB[3^CB(x,t)/5x2]  -  k5CB(x,t)  [3] 


where  A  is  oxygen,  B  the  hydrogen  peroxide,  Cj  the  concentration  for  j=A 
or  B,  and  Dj  the  diffusion  coefficient  for  j=A  or  B.  Mass  balances  for  a 
and  B  at  steel  surfaces(x=0)  are  expressed  by  Eqs.[4-5]. 
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DA[3CA(x,t)/dx]x*o  =  (ki+k2X^AS  -  (ki+k4/2)CBS 


[4] 


DB[aCB(x,t)/dx]xM)  =  (k’2+k3+k4)CBS  -  k2CAS  [5] 


where  Cjs  is  the  surface  concentration  for  j=A  or  B.  Under  steady-state 
conditions,  Eqs.[6-8]  are  expressed  as 


aCA(x,t)/dt  =  aCB(x,t)/dt  =  0  [6] 


x^6a  for  Ca(x)  =  Ca*  ,  x>8b  for  Cb(x)  =  Cb*  [7] 


x=0  for  Ca=Cas  ,  x=0  for  Cb=Cbs  [8] 


where  6  j  is  the  diffusion  layer  thickness  for  j»A  or  B  and  Cj*  the  bulk 
concentration  for  j=A  or  B.  From  Figure  1,  an  overall  charge  transfer 
rate,  ii,  is  expressed  by  Eq.[9]. 


ii  =  2F  [  (2ki+k2)  Cas  +  (k3  -  ^2  >  ^bs  ]  [9] 


After  combining  Eqs.[2-8],  simultaneous  equations  with  two  unknowns 
of  Cas  and  Cbs  can  be  solved  analytically.  Thus,  the  overall  charge 
transfer  rate,  ii,  is  expressed  by  Ae  following  Eq.[10],  after 
substituting  the  determined  two  unknowns  into  Eq.[9]. 


ii  =  2F(CiHi  +  C2H2)  [10] 


with  Ci=2ki+k2,C2=k3-k2’  [11] 
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Si  =  (Ai*2+A2<I>i)/lC3'l>2+4>lk20expl-(2a2F/RTKE-E2o)l[H+]2]  [12] 

22  =  [C3A2-Alk20exp{-(2a2F/RTKE-E20))[H*]2]  / 
[C3<M<I>ik20exp[-(2a2F/RTXE-E20)}[H+)2)  [13] 

C3=^.-*2+DA 

Ai=ClDA/5A-(CSDB/26A){exp(-X2Hexp(X2)+2Aa)  /{exp(-Xi)-exp(Xi)  [15] 
A2=2DBCSV(k5/DB)  [l/{exp(->.i)-exp(Xi)}]  [16] 

<I>j=[(Dg/26^)[exp(-Xj)(exp(A^)-X2}-exp(A.j)[exp(-A^>fX^}]/ 

{exp(-X,)-exp(X,)}  ]  +1^^  +k^  /2  -  0^/25^  [17] 

02=[DbV  (kg/Dg)  [exp(-X,j)+exp(A,j)}/[cxp(-A.j)-exp(A.j)}]  -k2’-k3-k^  [18] 

X,i=6BV(k5/DB) .  X,2=6AV(k5/DB)  [19] 


Equation  [10]  expresses  the  overall  charge  transfer  rates  of  the  cathodic 
reactions  appearing  in  Figure  1. 

Rnodic  Kinetic  Models  &  Equations 

In  this  study,  anodic  reactions  of  hydrogen  and  structural  materials  are 
assumed  to  have  independent  kinetics  from  each  other. 

Hydrogen  kinetic  Model  and  Eouations.  Figure  2  shows  the 
kinetic  model  of  hydrogen  oxidation  on  steels.  An  ad-atom  of  hydrogen 
is  assumed  to  be  an  intermediate  for  two  consecutive  processes  of  one 
electron  charge  transfer,  khi,  khz*  kh3,  and  kh4  are  expressed  as 
khioexp{PiF(E-Ehio)/RT],  khioexp{-(l-pi)F(E-Ehio)/RT},  kh20exp[p2F(E- 
Eh20)/RT],  and  kh2oexp{-( l-p2)F(E-Eh2o)/RT|,  respectively,  khio  and 
kh20  are  the  standard  rate  constants,  Pi  and  pz  the  anodic  transient 
coefficients,  Ehio  and  Ehzo  the  standard  electrode  potentials  for  each 
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step  of  the  two  consecutive  charge  transfer  reactions.  Kw  is  the 
dissociation  constant  of  water,  which  is  calculated  at  561K  to  be  2.5xlO~ 
1®  (mol/cm3)2  (13). 

H+(H30+),  OH’ ,  and  water  are  assumed  to  be  in  equilibrium,  as  usual  in 
charge  transfer  reactions. 

From  Figure  2,  an  overall  charge  transfer  rate,  iz,  is  expressed  by 
Eq.[20]; 


i2=  F  [  khi  Ccs  +  (kh3- kh2)  Cds  - kb4CES  ]  [20] 


vdiere  Ccs,  CDs,  and  Ces  are  the  steel  surface  concentrations  of  hydrogen, 
the  intermediate,  and  proton,  respectively.  Mathematics  to  solve  for 
the  surface  concentrations  of  Ccs,  Cds,  and  Ces  in  Eq.[20]  are  analogous 
to  those  in  Eq.[2-8]  without  the  chemical  reactions.  Thus,  equations  [21- 
24]  for  Ccs,  Cds,  and  Ces  are  obtained  as 


Ccs=[(DcCt/5c)(kh2+kh3+Dn/6D)(kM+IV5F>kh2kM( 

-kh3kh4DcCj/8cl/0  [21] 


CDS=[(1.58xl0-^5E)kk4(khi+Dc/5cHkhi(DcC^/5c)(kM+lV^^^^  [22] 

Ces=[(  1  -SSx  10'\y5E)(khi+Dc/5c)(ki,2+lQi3+Dn/5D)+khilQi3DcCc  /5c 
-(1.58xlO-^8E)khikh2]/0  +  1.58x10  ’  [23] 


0=(khi+Dc/6c)(kh2+kh3+DD/5D)(kh4+DE/6E)-kh3kh4(khi+Dc/6c) 
-khikh20^h4+DE/5E)  [24] 


in  which  subscripts  c,  D,  and  E  designate  hydrogen,  the  intermediate,  and 
proton,  respectively.  Dj,  Cj*,  and  5j  are  the  diffusion  coefficient ,  the 
bulk  concentration  ,  and  the  diffusion  layer  thickness,  respectively,  for 
j=c,  D,  or  E 

Formulation  of  Stainless  Steel  Corrosion  Rate.  Corrosion  rates 
of  stainless  steel  with  respect  to  ECP  are  formulated  by  numerical 
analysis,  employing  the  current-potential  curve  measured  by  Hirayama 
et  al.(14).  The  authors  measured  the  current-potential  curve  of  type 
304  stainless  steel  without  supporting  electrolytes  at  563K  in 
deoxygenated  conditions,  by  employing  a  potentiostat  equipped  with  an 
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IR  compensation  circuit(14).  The  current  potential-curve  showed 
slightly  different  shape  from  that  measured  with  supporting 
electrolytes,  e.g.,  sodium  sulfate.  Since  coolants  of  BWR  plants  do  not 
have  ionic  concentrations  in  conventional  electrochemical 
measurements,  electrochemical  experiments  are  desired  to  be 
performed  under  simulated  high  temperature  water  conditions.  Least 
square  method  is  applied  to  the  digitized  data  of  the  current-potential 
curve  measured  in  pure  water  at  563K,  and  then  corrosion  rate,  is,  of 
the  type  304  stainless  steel  with  respect  to  an  electrode  potential,  E, 
which  is  equivalent  to  ECP,  is  express^  in  polynomial  form  of  Eq.[25]: 


is  =  7.5973  +  68.052E  +  SOS.OSE^ -  241. 97E^  -  3800.9E^-  2143.6E^ 
+17770E^  +  17681E^  -  28244E*  -  33621E’  (pA/cm^)  [25] 


where  E  is  the  electrode  potential  of  the  stainless  steel.  Figure  3  shows 
a  current-potential  curve  expressed  by  Eq.[25].  The  correlation 
coefficient,  r,  was  0.9996. 


ECP  Simulation 

From  Eqs.[10],  [20],  and  [25],  an  overall  charge  transfer  rate  ,  i, 
involving  both  ano^c  and  cathodic  reactions  is  expressed  by 


i  =  ii  -  i2  -  i3 


[26] 


Employing  a  numerical  calculation,  we  can  compute  the  ECP  by  solving 
equation  [26]  for  i=0  in  which  case  the  unknown  electrode  potential,  E  , 
is  equal  to  ECP. 

Floui  Rate  Effect  on  ECP 

Holser  et  al.  analyzed  turbulent  flow  effects  on  diffusion  limiting 
currents(15).  On  the  basis  of  their  findings  and  after  some 
rearrangements  of  their  equations,  a  diffusion  layer  thickness  function 
of  a  flow  rate  of  the  coolant  is  expressed  by  Eq.[27]: 


5j  =  12.64  V  -0.70  Dj  0.356  ^0.344  d  0.30  (cm)  [27] 


where  5j  is  the  diffusion  layer  thickness  for  species  j=A,  B,  c,  D,  or  E,  D| 
the  diffusion  coefficient  for  species  j=A,  B,  c,  D,  or  E,  v  the  flow 
velocity(cm/s),  u  the  kinematic  viscosity(cm2/s),  and  d  the  pipe 
diameter(cm).  8j  for  j=A  or  B,  appearing  in  Eq.[7],  is  represented  by 
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Eq.[27].  Flow  rate  effects  on  ECP  are  predicted  by  diffusion  layer 
thickness  changes  calculated  by  Eq.[27]. 
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Figure  1.  Oxygen  and  hydrogen  peroxide  kinetic  model  under  BWR  oondHions. 
k1,  le.  1(2*,  and  10  are  the  rate  constants  for  each  charge  transfer 
st^,  ai,  02,  and  03  the  cathodic  transient  coefficients  for 
each  stop,  1(4  and  kS  the  chemical  rate  constants,  EO,  E10,  and 
E20  the  standard  electrode  potentials  for  each  step. 
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Figure  2.  Hydrogen  kinetic  model  urxier  BWR  corKlitions. 

khl ,  kh2.  kh3,  kh4  are  the  rate  constants  for  each  charge  transfer  step, 
B1  and  pZ  the  anrxfic  transient  coefficients  for  each  stop,  EhlOarxJ 
ui20  the  standard  electrode  potentials  for  each  step.  Kwthe 
dfosodation  constant  of  water. 
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Figures.  Calculated  current-potential  curve  of  a  type  304 
stainless  steel  at  M1K. 
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Twenty  Yean  of  Experience  of  Dexincification  Resi^ant 
Brasaea  in  Swediah  Tap  Water  Syatema 
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Swedish  Corroeicm  Institute 
Roalagsvfigen  101,  Hus  25 
104  05  Stockholm  Sweden 


Abstract 

Brass  came  early  io  extensive  use  for  valves  and  fittings  in  tap  water  systems  in 
Sweden.  The  reasons  were  the  comparatively  low  material  cost,  as  well  as  the  good 
properties  concerning  casting,  forging,  machining  and  corrosion  resistance.  With  the 
increasing  use  of  copper  pipe  systems,  however,  jncblems  occuxred  with  dezindfication 
of  ordinary  brass  in  waters  with  low  alcalinity,  which  are  common  in  large  parts  of 
Sweden.  In  1970  Swedish  authorities  issued  regulations  which  required  use  of  dezinci- 
fication  resistant  brass  in  tap  water  systems.  To  receive  approval  the  brasses  had  to  be 
tested  with  respect  to  dezincification  resistance.  A  test  method  was  developed  at  the 
Swedish  Corrosion  Institute  (SCI).  The  method  was  based  on  exposure  of  samples  in  1% 
CuClj  solution  at  75”C  with  a  solution  volume  specific  to  the  exposed  brass  area.  The 
method  was  standardized  in  Sweden  and  later  on  adopted  as  International  Standard 
ISO  6509.  Approval  criteria  to  be  used  in  Sweden  at  laboratory  testing  were  determined 
after  a  field  test  of  a  number  of  brasses  in  very  aggressive  water.  It  was  appointed  that 
the  average  and  maximum  dezincification  depth  miist  not  exceed  200  pm  and  400  pm 
respectively.  It  was  suggested  that  a  possible  revision  of  the  criteria  could  be  made  after 
some  years  of  practical  experience  of  approved  brasses.  For  that  reason  samples  were 
removed  firom  buildings  and  examined  1978  after  4  years’  service.  It  was  then  concluded 
by  an  expert  committee  that  more  stringent  criteria  were  not  needed. 

During  1983-85  SCI  investigated  211  samples  finom  insurance  cases  of  water  leakage 
from  tap  water  systems.  No  case  of  dezincification  appeared  in  approved  brass  while  12 
cases  were  tbimd  in  ordinary  brass.  In  February  1993  an  inquiry  was  sent  to  16 
companies  and  organizations  including  users  and  producers  of  alloys  and  products  of 
approved  brasses.  In  all  16  answers  it  was  declared  that  no  damages  due  to  dezinci¬ 
fication  of  approved  brasses  were  known  and  that  more  stringent  approval  criteria  were 
not  needed. 

The  development  of  alloys  which  has  taken  place,  particularly  in  Sweden,  has  resulted 
in  a  large  number  of  approved  brasses  fw  different  methods  of  component  production. 
This  has  given  a  variety  in  chemical  compositimi  and  of  the  content  of  dezincification 
sensitive  p-phase  of  the  approved  brasses.  Some  of  the  approved  brasses  got  laboratory 
test  resvilts  close  to  the  approval  limit,  but  these  brasses  have  also  been  known  for  very 
good  service  behavioiur. 

Today  more  than  50  dezincification  resistant  brasses  are  approved  in  Sweden  for  use 
in  tap  water  systems  and  many  have  been  in  use  for  about  20  years.  The  very  good 
practical  experience  tells  that  there  is  no  reason  for  mwe  stringent  approval  limits, 
than  those  which  have  been  used  successfully  in  Sweden  since  it  from  the  users  point 
of  view  would  not  result  in  better  quality. 

Key  terms:  Dezincification,  dealloying,  brass,  tap  water,  testing. 
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Introduction 


Brass  was  early  in  extensive  use  as  material  for  taps,  valves  and  fittings  in  tap  water 
systems  in  Sweden.  The  reasons  for  this  were  the  comparatively  low  cost  as  well  as  the 
good  properties  concerning  casting,  forging,  machining  and  corrosion  resistance.  With 
the  increasing  use  of  copper  pipe  systems,  however,  problems  arose  as  damages  caused 
by  dezinciflcation  of  ordinary  brass  occurred  in  areas  with  aggressive  water.  Ag- 
gressivity  with  respect  to  dezincihcation  is  due  to  a  low  ratio  of  alkalinity  to  chloride 
content  of  the  water.  This  relationship  has  been  shown  by  Turner',  Figure  1.  In  Sweden 
and  other  Nordic  countries  the  cause  for  the  water  aggressivity  is  mainly  the  low 
alkalinity  which  is  prevailing  in  large  areas. 

Damages  caused  by  dezinciflcation  comprised  jamming  valve  stems,  blockage  due  to 
voluminous  corrosion  products,  loss  of  mechanical  strength  and  water  leakage.  To 
counteract  the  dezinciflcation  problems  the  National  Swedish  Board  of  Physical 
Planning  and  Building  in  1970  issued  regulations^  for  use  of  dezinciflcation  resistant 
brass  in  tap  water  installations.  Instead  of  standardization  of  alloys  a  type  approval 
procedure  was  set  up  which  permitted  development  of  various  alloys.  To  receive 
approved  the  brasses  had  to  be  tested  with  respect  to  dezinciflcation  resistance.  The 
specified  test  appeared  to  be  less  reliable  and  therefore  an  improved  method  was 
developed  at  the  Swedish  Corrosion  Institute  (SCI).  The  method  was  based  on  24  hours’ 
exposure  of  samples  to  1%  CuClj  solution  at  75'’C  with  a  solution  volume  specific  to  the 
exposed  brass  area’.  After  exposure  the  dezinciflcation  depht  is  determined  by 
metallographic  examination  of  cross  sections  of  the  samples.  The  method  was 
standardized  in  Sweden  and  later  on  adopted  as  international  standard  and  national 
standards  in  different  countries.  A  detailed  description  of  the  test  method  is  given  in 
ISO  6509. 

The  acceptance  criteria  are,  however,  not  specified  in  the  ISO  standard.  This  paper 
deals  with  the  evaluation  technique  at  laboratory  testing,  the  establishing  of  acceptance 
criteria  by  tests  under  service  conditions  and  practical  experience  gained  when  many 
approved  brasses  have  been  in  use  for  about  20  years. 


Evaluation  at  Laboratory  Testing 

The  measurement  of  the  dezinciflcation  depth  after  laboratory  exposure  according  to 
ISO  6509  is  carried  out  by  metallographic  examination  of  a  section  perpendicular  to  the 
exposed  surface.  At  the  development  of  the  test  method  it  was  early  found  out  that  the 
maximum  depth  only  would  not  give  a  sufficient  measure  of  the  susceptibility  oi  the 
brass.  If  only  the  maximum  dezinciflcation  was  used  for  assessment  it  appeared  that 
brasses  with  large  difference  in  behaviour  could  get  the  same  test  result.  This  is 
visualized  in  Figure  2.  An  attack  in  a  solitary  streak  of  |3-phase  in  the  longitudinal 
direction  of  a  rod  will  not  be  harmful  e.g.  in  a  valve  stem  while  and  average  aUac 't  to 
the  same  depth  might  be  detrimental  due  to  decreased  mechanical  strength  i=jid  to 
blockage  by  voluminous  corrosion  products.  Hence  it  was  concluded  that  the  average 
dezinciflcation  depth  should  be  determined  in  addition  to  the  maximum. 

For  determination  of  the  average  the  dezinciflcation  is  measured  in  consecutive  visual 
fields  (preferably  minimum  25)  along  the  maximum  possible  length  of  the  specimen. 
The  measiirement  is  made  at  a  fixed  scale  in  each  visual  Held.  The  average  is  calculated 
from  the  individual  measurements.  Details  of  the  measurement  are  shown  in  Figure 
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3.  The  technique  with  majdmum  and  average  dezincification  depth  for  acceptance 
criteria  has  been  used  at  the  type  approval  testing  in  Sweden  and  the  use  of  average 
depth  has  recently  been  adopted  in  the  Australian  Standard  AS  2345-1992. 


Acceptance  Criteria 

When  the  development  of  the  test  method  had  resulted  in  a  proposal  a  joint  inves¬ 
tigation  was  carried  out  simultaneously  at  three  different  laboratories  in  1973.  Ten 
brasses  known  for  different  dezincification  resistance  were  tested  and  concordant 
results  were  obtained  at  the  3  laboratories.  The  results  were  also  in  good  agreement 
with  the  service  experience  of  the  tested  alloys.  Seven  of  these  10  alloys  were  in  1974 
tested  1  year  under  service  conditions  in  hot  water  systems  at  60"  and  90°C  in  hospitals 
in  places  with  ag^gressive  waters.  The  materials  were  exposed  to  tap  water  in  cqpper 
tul^  rigs  which  were  installed  in  hot  water  circulation  lines  in  the  buildings.  Hie  tested 
specimens  had  the  shape  of  threaded  rods  with  8  mm  diameter  screwed  into  gun  metal 
holders  which  were  brazed  to  the  copper  tubes.  The  water  exposed  end  of  the  rod  had 
no  thread  and  thus  a  narrow  crevice  was  formed  towards  the  gim  metal  holder.  The 
results  from  the  field  test  were,  particularly  for  the  most  corrosive  water  in 
Gothenburg,  in  close  agreement  with  the  results  from  the  accelerated  tests^  The 
composition  of  the  Gothenburg  water  at  the  time  of  the  testing  is  shown  in  Table  1. 

The  results  from  these  tests  were  used  for  establishment  of  acceptance  criteria  to  be 
used  at  type  approval  testing.  The  acceptance  limits  were  set  rather  liberally  since  they 
aimed  at  sorting  out  brasses  with  poor  dezincification  resistance  and  at  approval  of 
brasses  with  comparatively  good  resistance.  Total  immunity  to  dezincification  was 
consequently  not  required.  The  acceptance  criteria  for  approval  in  Sweden  were  that 
after  laboratory  testing  with  the  developed  method  the  average  dezincification  depth 
must  not  exceed  200  pm  and  in  addition  the  maximum  dezincification  depth  must  not 
exceed  400  pm. 

A  long  term  field  test  of  5  brasses  was  carried  out  during  3.5  years,  1978-1981,  by 
Granges  Metallverken^.  The  test  was  carried  out  in  Gothenburg  at  the  same  site  and 
under  the  conditions  used  by  SCI  1974.  In  addition  all  brasses  were  laboratory  tested 
accordmg  to  ISO  6509.  The  test  results  supported  the  reliability  of  the  test  method  and 
the  acceptance  criteria. 


Service  Experience  of  Approved  Brasses 
Buildings  in  Gothenburg 

To  evaluate  the  service  performance  of  dezincification  resistant  brasses  which  were 
laboratoiy  tested  and  approved  according  to  the  established  criteria  SCI  in  1978 
investigated  valves  and  fittings  which  had  been  in  use  in  copper  tubes  for  about  4  years 
in  hot  water  systems  in  buildings  in  Gothenburg^.  This  city  was  selected  since  the  water 
at  that  time  was  known  to  be  extremely  corrosive  with  respect  to  dezincification.  In 
total  133  components  from  valves  and  fittings  were  examined.  Seventynine  of  these 
were  made  of  approved  brasses  and  54  of  ordinary,  not  approved  brasses. 

With  guidance  of  an  acceptable  life-span  of  a  tap  water  system  a  maximum  coirosion 
attack  less  than  100  pm  after  4  years  in  a  very  corrosive  water  was  regarded  as 
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tolerable.  Using  this  limit  only  15%  of  the  samples  of  not  approved  brasses  were 
satisfactory  while  the  corresponding  portion  of  the  components  made  of  approved 
brasses  was  92%.  Two  of  the  6  samples  of  approved  brass  with  more  than  100  pm 
corrosion  attack  had  significant  dezincification.  One  of  these  2  had  a  localized  attack 
of  200  pm  depth  which  was  judged  as  being  of  minor  importance.  The  other  had  a  800 
pm  deep  attack  in  a  solitary  streak  of  p-phase  in  the  extrusion  direction  of  a  valve  stem. 
This  longitudinal  attack  was  judged  to  be  of  little  importance  for  the  functioning  of  the 
stem.  Two  samples  had  other  corrosion  than  dezincification  namely  intergranular  attack 
and  crevice  corrosion  respectively.  Two  chiUcast  valve-samples  from  the  same  foundry 
had  severe  localized  corrosion  attacks  with  interspersion  of  dezincification.  The  attacks 
had  connection  with  pores  in  the  material  which  seemed  to  have  been  formed  at  the 
casting. 

With  the  experience  from  4  years  service  in  Gothenburg  as  a  basis  it  was  in  1980 
concluded  by  an  expert  committee  that  there  was  no  need  for  more  stringent  approval 
criteria. 


Insurance  Cases 

During  1983  SCI  started  an  investigation  of  insurance  cases  of  corrosion  in  water 
systems  in  areas  with  corrosive  water®.  The  aim  of  the  investigation  was  to  determine 
the  frequency  of  different  phenomena  which  result  in  damages  by  leaking  water  in 
buildings. 

Insurance  Companies  sent  in  samples  from  211  cases  for  investigation.  In  199  of  these 
cases  the  damages  had  other  causes  than  dezincification  and  occurred  mostly  in  other 
materials  than  brass.  In  the  remaining  12  cases  the  damage  was  caused  by 
dezincification  of  not  approved  ordinary  brass  in  brazing  solder  and  fittings. 
Consequently  no  case  of  dezincification  appeared  in  components  of  approved  brass. 


Inquiries 

Many  of  the  dezincification  resistant  brasses  which  are  approved  in  Sweden  have  been 
in  use  for  about  20  years  and  some  of  them  were  used  even  before  the  regulations  were 
issued.  Informal  inquiries  during  the  years  to  users  and  producers  have  supported  the 
impression  of  very  good  service  performance  of  the  approved  brasses. 

For  completion  a  formal  inquiry  was  in  February  1993  sent  to  16  companies  and  organ¬ 
izations  including  authorities,  users  and  producers  of  alloys  and  products  of  approved 
brasses.  In  the  inquiry  it  was  asked  whether  any  cases  of  dezincification  of  approved 
brasses  were  known  and  if  so  when  and  to  what  extent.  Finally  it  was  asked  if  the 
approval  criteria  were  considered  too  hard,  too  mild  or  sufficient.  In  all  16  answers  it 
was  declared  that  damages  due  to  dezincification  of  approved  brass  were  not  known. 
Fifteen  of  the  answers  expressed  the  opinion  that  the  approval  criteria  are  sufficient. 
In  one  answer  it  was  stated  that  the  criteria  are  sufficient  to  corrosive  water  but  too 
hard  for  not  corrosive  water. 
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Approved  Brasses 


As  a  result  of  the  development  of  alloys  which  has  taken  place,  particularly  in  Sweden, 
more  than  50  dezinciflcation  resistant  brasses  are  approved  at  present  for  use  in  tap 
water  systems.  There  are  brasses  for  production  of  components  by  pressure  die-casting, 
chill-casting,  hot  forging  and  machining  from  rod.  Some  brasses  require  a  final  heat- 
treatment  others  not.  This  development  has  given  a  variety  in  chemical  ccmiposition  and 
content  of  dezincification  susceptible  ^-phase  in  the  approved  brasses. 

An  important  matter  regarding  the  suitability  of  the  acceptance  criteria  is  whether  any 
approved  alloys  in  reality  have  got  attacks  close  to  the  upper  limits  at  the  laboratory 
test.  That  the  latter  has  been  the  case  is  shown  in  Figures  3  and  4  presenting  the 
number  of  brsisses  as  a  function  of  maximvun  and  average  attacks  respectively  at 
laboratory  testing. 

The  nominal  copper  content  of  approved  brasses  covers  a  span  between  61.5  and  66%. 
The  fraction  of  brasses  as  a  function  of  nominal  Cu-content  is  shown  in  Figure  6. 
Brasses  with  the  lowest  Cu-content  usually  require  heat-treatment  as  a  final  production 
step  to  decrease  the  ^-phase  content.  Brasses  with  the  highest  Cu-content  are  usually 
alloyed  with  aluminium.  Aluminium  is  favourable  to  the  dezincification  resistance  but 
on  the  other  hand  it  favours  formation  of  ^-phase.  Aluminium  containing  alloys  must 
therefore  have  a  copper  content  high  enough  to  keep  the  p-phase  content  on  a  suitable 
level.  Other  common  minor  allo3ring  constituents  are  tin  and  silicon.  All  approved 
brasses  are  alloyed  with  either  arsenic  or  antimony.  Antimony  is  preferred  in  alloys  for 
casting  as  it  is  easier  than  with  As  to  keep  it  on  a  stable  content  in  the  melt.  Arsenic 
is  preferred  in  alloys  for  extrusion  since  Sb  may  contribute  to  brittleness  dining  the 
process.  All  brasses  are  in  addition  alloyed  with  lead  which  is  necessary  for  the 
machinability.  The  fraction  of  approved  brasses  a  function  of  nominal  Pb-content  is 
shown  in  Figure  7.  The  number  of  brasses  intended  for  different  production  methods 
is  shown  in  Table  2. 


Discussion 

The  experience  of  dezincification  resistant  brasses  in  Sweden  has  shown  that  there  is 
a  most  satisfactory  agreement  between  results  from  laboratory  testing  according  to  ISO 
6509  and  the  service  performance  of  approved  alloys  after  20  years.  During  this  period 
no  case  of  damage  due  to  dezincification  of  an  approved  brass  has  appeared  in  the 
consultancy  service  at  SCI.  Furthermore  the  different  field  tests  and  investigations  of 
components  from  tap  water  systems  which  have  been  carried  out  as  well  as  other 
experience  including  a  recent  inquiry  have  supported  that  the  used  comparatively 
liberal  acceptance  criteria  are  sufficient.  This  means  that  more  stringent  approval 
criteria  which  have  been  used  in  some  other  countries  should  not  be  needed  since  they 
from  the  users  point  of  view  would  not  result  in  better  quality.  The  Swedish  opinion  is 
shared  with  the  other  Nordic  countries.  This  fact  was  confirmed  1989  in  the  Nordic 
Product  Rules  NKB  12  and  13  for  brass  fittings  and  valves  respectively. 

As  the  alloying  constituent  (normally  As  or  Sb)  which  is  necessary  for  inhibiting 
dezincification  of  a  brass  (with  Zn-content  higher  than  ca  15%)  only  protects  the  a- 
phase  the  microstructure  of  a  duplex  a  P  brass  is  determinant  for  its  resistance.  In 
this  respect  the  distribution  rather  than  the  percentage  of  the  susceptible  P-phase  is  of 
great  importance. 
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If  the  p-phase  has  formed  a  continuous  network  through  the  material  the  dezinciflcation 
can  proceed  rapidly  in  a  corrosive  water.  If  on  the  other  hand  the  ^*phase  is 
discontinuous  the  parts  of  it  which  are  located  at  the  metal  surface  and  exposed  to 
water  from  the  beginning  will  corrode  but  this  attack  ceases  when  it  reaves  the 
inhibited  a-phase.  This  fact  is  important  and  supports  the  standpoint  that  total 
immunity  at  laboratory  testing  is  not  required  for  approval.  It  seems  that  the  laboratory 
method  and  the  used  approval  criteria  have  sorted  out  brasses  with  too  high  grade  of 
continuity  in  the  ^-phase  distribution. 

It  also  seems  that  the  Swedish  expert  group  made  a  good  decision  in  1980  when  it 
concluded  that  more  stringent  approval  criteria  were  not  needed  even  though  some 
localized  dezinciflcation  was  discovered  in  a  small  number  of  components  after  4  years 
service  in  a  very  corrosive  water. 

Very  good  dezinciflcation  resistance  can  be  obtained  by  minimizing  the  P-phase  content 
by  heat  treatment  at  500-550"C  as  a  final  production  step.  This  additional  procedure 
seems  however  not  to  be  generally  needed.  More  than  50%  of  the  brasses  which  are 
approved  in  Sweden  are  not  heat-treated  but  have  in  spite  of  that  shown  an  inviolable 
service  performance. 

Lead  pick  up  in  the  water  from  leaded  copper  alloys  has  attracted  attention  in  different 
countries  for  some  years.  Some  of  this  lead  probably  originates  from  corrosion  of  the 
metal  and  some  from  a  film  which  is  spread  on  interior  surfaces  at  the  m^xchining  of 
valves  and  fitting.  The  dezinciflcation  resistant  brasses  have  an  additional  advantage 
in  this  connection  since  they  have  a  rather  low  lead  content  compared  with  e.g.  leaded 
gim  metal  in  combination  with  the  high  corrosion  resists,  -e. 


Conclusions 

Results  of  long  term  field  tests  and  service  experience  for  20  years  justify  the  following 

conclusions: 

-  The  Swedish  regulations  issued  1970  for  approval  of  dezinciflcation  resistant  brasses 
for  tap  water  systems  have  been  successful. 

-  The  ISO  standard  6509  is  a  reliable  method  for  prediction  of  dezinciflcation 
resistance  of  brasses. 

-  The  evaluation  at  laboratory  testing  according  to  ISO  6509  should  be  based  on  both 
maximum  and  average  dezinciflcation  depth. 

-  The  acceptance  limits  used  for  approval  in  Sweden  and  the  other  Nordic  countries 
at  laboratory  testing  according  to  ISO  6509  have  appeared  to  be  sufficient.  These 
limits  are: 

average  dezinciflcation  <200  pm 
maximum  dezinciflcation  ^400  pm 
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Table  1.  Water  composition  at  the  test  site  at  the  time  of  the  field  tests. 


pH 

8.5 

Conductivity,  mS/m 

17 

Ca,  mg/1 

18 

Total  hardness,  "dH 

2.3 

Fe/mg/1 

0.02 

Mn,  mg/1 

<0.05 

HCOg",  mg/1 

15 

Cr,  mgfl 

13 

SO,*-,  mgfl 

30 
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Table  2.  Niimber  of  approved  brasses  for  different  production  methods,  with  and 
without  final  heat-treatment. 


Brass  A 


Brass  B 


Figure  2.  Cross-section  through  two  brass  pieces  with  different  dezincification  re¬ 
sistance.  Dark  areas  represent  attacks  in  ^-phase  starting  at  the  bottom 
edge  of  the  pieces.  If  only  max.  dezincification  depth  is  used  as  criterion 
A  and  B  are  judged  equally  resistant. 


Figure  3.  Illustration  of  three  consecutive  microscope  visual  fields  along  a  cross- 
section  of  a  tested  brass-spedmen.The  attacks  (dark  areas)  have  started 
at  the  central  horizontal  line.  Measurements  for  calculation  of  average 
dezincification  depth  are  made  at  the  crosses. 
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14 


Figur  4.  Number  of  approved  brasses  as  a  function  of  maximum  dezincification 
depth  at  laboratory  testing  according  to  ISO  6509. 


Figure  5.  Number  of  approved  brasses  as  a  function  of  average  dezincification 
depth  at  laboratory  testing  according  to  ISO  6509. 
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Figure  6.  Fraction  of  approved  brasses  as  a  function  of  nominal  copper  content. 
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Figure  7.  Fraction  of  approved  brasses  as  a  function  of  nominal  lead  content. 
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Abstract 

It  has  been  well  established  that  deaeration  is  an  essential  means  for  corrosion  protection  of 
water  piping  i  n  power  generating  plants.  However,  the  existing  mechanical  vacuum  or  steam 
injector  systems  are  too  expensive  for  treating  large  quantities  of  and  once-through  potable 
waters.  Recently,  a  hollow  fiber  membrane  made  of  polyolefin  which  can  economically 
separate  dissolved  oxygen  i  n  water  was  developed.  Compact  deaeration  equipment  which  can 
treat  water  of  1  id  1 2  m^/h  as  the  standard  specification  was  manufactured  by  using  a  module 
with  a  fine  and  thin  hollow  fiber  membrane  and  a  water-sealed  vacuum  pump.  By  passing 
through  the  deaeration  system,  water  containing  8.2  ppm  oxygen  content  was  easily  reduced 
to  0.5  ppm  at  25  C  under  standard  operating  conditions.  Deaerated  water  was  continuously 
supplied  to  water  piping  in  buildings  and  thereby  'red  -water*  problems  were  completely 
eliminated  2  to  3  weeks  after  installation.  The  existing  rust  became  black  in  color  due  to  the 
reduction  of  FeOOH  to  magnetite  in  the  absence  of  dissolved  oxygen.  The  deaeration  system  can 
also  be  applied  to  copper  tubing  in  the  hot  water  supply  and  is  able  to  avoid  localized  corrosion 
such  as  pitting  and  erosion-corrosion. 

Case  studies  of  this  deaeration  system  with  a  hollow  fiber  membrane  are  given  for 
low-pressure  boilers,  cold  and  hot  water  distritxjtion  systems,  and  also  closed  cooling  water 
systems  in  buildings. 

Key  terms;  deaeration,  hollow  fiber  membrane,  water  piping,  red-water,  buildings 
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1 .  Introduction 


Corrosion  occurring  in  water  distribution  systems  of  urban  buildings 
has  been  a  serious  problem  in  the  last  few  decades.  Fresh  water  in  Japan 
i  s  corrosive  to  the  metal  piping  systems  because  of  the  softness  of  the 
water.  The  Saturation  lndex(S.I.)  of  city  waters  in  major  cities  generally 
ranges  from  -1 .5  to  -2.0.  Therefore,  these  waters  do  not  form  a 
protective  films  of  calcium  carbonate  scale  inside  the  galvanized  pipes. 
Raising  the  Saturation  Index  to  a  positive  value  is  not  an  effective 
means  for  the  water  in  Japan.  For  corrosion  problems  encountered  in 
water  piping,  the  Welfare  Ministry  of  Japan  conventionally  allows  the 
addition  of  5  mg/I  (Si02  or  P2O5  equivalent)  of  sodium  silicate  or  sodium 
polyphosphates  as  corrosion  inhibitors.  However,  in  soft  water 
protection  from  corrosion  is  not  expected  from  the  addition  of  a  small 
amount  of  these  chemicals.  It  is  well  recognized  that  polyphosphate 
treatment  is  only  effective  as  a  sequestering  action  to  prevent 
red-water  problems  rather  than  inhibiting  corrosion.  In  recent  years 
countermeasures  due  to  physical  means  such  as  magnetic  and 
electrostatic  devices  have  been  proposed  instead  of  the  addition  of 
chemicals.  But,  the  corrosion  protection  mechanism  of  these  methods  is 
not  yet  clarified  and  the  reproducibility  of  the  protection  effect  is 
unreliable. 

Galvanized  steel  pipe  has  long  been  used  for  water  supply  systems  in 
buildings  and  city  water  distribution.  But,  the  corrosion  resistance  of 
galvanized  steel  pipe  deteriorates  due  to  an  increase  in  the 
corrosiveness  of  polluted  water.  Today,  plastic-lined  steel  pipe  has 
usually  been  recommended  for  a  water  supply  system.  However,  severe 
corrosion  still  occurrs  at  the  pipe  Joints.  Copper  tubing,  which  is  the 
main  plumbing  material  in  hot-water  supply  systems,  is  also  suffering 
failure  from  pitting  and  erosion-corrosion.  Yet  to  date  there  have  been 
no  effective  means  to  mitigate  this  damage. 

On  the  contrary,  deaeration  has  long  been  used  as  a  reliable  corrosion 
preventive  measure  in  the  fields  of  high-pressure  boilers  and  nuclear 
power  reactors.  In  the  U.S.  ,the  first  cold-water  deaerator  was  installed 
in  a  building  in  1924,  which  employed  a  high-vacuum  mechanical 
deaerating  apparatus  and  which  reduced  the  DO  to  1.4  ppm.’’  However, 
existing  deaeration  methods  using  the  mechanical  vacuum  or  steam 
ejector  processes  are  generally  too  expensive  for  preventing  equipment 
corrosion  in  buildings. 
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Recently,  a  hollow  fiber  membrane  which  shows  a  high  gas  separation 
efficiency  has  been  developed.  Using  this  hollow  fiber  membrane,  the 
deaeration  apparatus  was  constructed  and  deaeration  of  cold-water  was 
accomplished  economically  for  the  water  supply  systems  in  buildings. 
This  deaeration  method  using  a  hollow  fiber  membrane  should  be  a 
promising  corrosion  preventive  process  in  the  field  of  water  treatment 
not  only  for  steel  but  also  for  copper  tubing  systems. 

2.  Deaeration  Equipment  Using  a  Hollow  Fiber  Membrane 

Figure  1  shows  the  schematic  diagram  for  the  gas  separation 
mechanism  for  the  system  using  a  fine  and  thin,  hollow  fiber  membrane. 
The  hollow  fiber  membrane  is  made  of  polyolefin  which  is  0.2  mm  in  i.d. 
and  500mm  in  length.  A  module  consists  of  several  tens  of  thousand 
fibers  which  is  encapsulated  in  a  PVC  case.  The  outer  chamber  of  a 
bundle  of  fibers  is  evacuated  by  a  water-sealing  vacuum  pump. 
Feedwater  enters  the  deaeration  module  and  the  oxygen  molecules  are 
exhausted.  The  oxygen  concentration  in  water  decreases  from  8.2  to  0.5 
mg/l(25C)  as  it  passes  through  the  module  under  standard  operating 
conditions. 


Fig.  1  Deaerating  module  and  gas  separation  mechanism. 

A  deaeration  module  (165mm  o.d.  x  500mm  length)  has  the  capability  to 
treat  1000  liters  of  water  per  hour. 
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Figure  2  shows 
the  flow  diagram  of  the 
deaerating  system.  The 
sealing  water  for  the 
vacuum  pump  was 
recycled  and  cooled  by 
heat  exchange  with 
feedwater.  The  feedwater 
was  supplied  to  the 
deaerating  module  after 
the  removal  of  solid 
substances. 


Circulating  pump 


Heat 

exchanger 


Reverse  washing 
Module  I 


Treated  water 


Feed  water 


Prefilter  I 


Vacuum  gauze 


Sealing  water 


Water-sealed 
vacuum  pump 


Fig.  2  Flow  diagram  of  deaerating  system 


3.  DO  Concentration  and  Corrosion  Rate  for  Hild  Steel 


The  corrosion  rate  of  mild  steel  in  water  is  generally  controlled  by  the 
diffusion  rate  of  dissolved  oxygen,  although  an  abrupt  decrease  in  the 
corrosion  rate  may  occur  at  high  water  velocities  because  of  the 
passivation  phenomena.  Figure  3  shows  the  relation  between  the 
corrosion  rate  of  mild  steel  and  the  DO  content  In  water. 

In  corrosion  testing,  mild  , 


steel  specimens  were  exposed  to 

city  water  of  different  DO  levels  ‘Wc 

*25*0 

at  a  water  flow  velocity  of  0.1  | 

^  J.  200  -  - 

m/s  for  4  weeks.  Generally  the  • 

corrosion  rate  of  mild  steel  is  c 

proportional  to  the  DO  content  5 

water  and  also  increases  with  / 

water  temperature.  From  the 
figure  we  concluded  that 

corrosion  of  the  steel  pipe  can  be  ^ j ^ — ; 

virtually  eliminated  by  lowering  do  concentration  cmg/n 

the  DO  level  to  0.5  ppm.  Thus  the  Relation  between  DO  concentre 

...  .  ^  .  and  corrosion  rate  for  mild  steel  in 

water  supply  piping  may  be  expected 

to  last  at  least  three  times  as  long  under  the  deaerated  condition 


iteel  Qty  water 
Flow  velocity  0.1  m/s 


0  2  4  6  8  10  12 

DO  concentration  (mg/O 

Fig.3  Relation  between  DO  concentration 
and  corrosion  rate  for  mild  steel  in  water 


4.  Installation  of  the  Deaeration  System  in  Buildings 


The  membrane  type  deaeration  system  can  be  installed  either  on  a 
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elevated  tank  or  on  a  receiving  tank. 
Figure  4  shows  a  schematic  drawing 
of  the  installation  of  a  membrane 
type  deaeration  system.  Water  from 
the  elevated  tank  is  treated  by 
passing  through  the  deaeration  unit 
and  supplied  to  the  water  supply 
main.  Thus  the  DO  content  in  water 
can  be  kept  at  levels  less  than  1 .0 
mg/I  at  the  end  water  faucet.  The 
choice  of  the  best  system  is  made 
by  considering  the  highest  peak-load 
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of  water  usage. 


Fig.  4  Installation  of  deaerating  unit  in  a  building 


Fortunately,  residual  chlorine  legally  required  as  a  disinfectant  is  not 
removed  by  passing  through  the  hollow  fiber  membrane,  because  most  of 
the  residual  chlorine  is  dissolved  in  water  as  hypochlorite  in  an  ionic 
state.  The  00  content  of  water  can  be  easily  recovered  to  some  extent  by 
the  use  of  an  air-bubble  making  faucet.  Thus  the  corrosion  of  the  inside 
surface  of  the  steel  pipe  can  virtually  be  eliminated,  and  accordingly  , 
the  red-water  problems  are  also  resolved. 

In  hot-water  systems,  deaerated  water  can  be  supplied  to  the  water 
expansion  tank  and  localized  corrosion,  such  as  pitting, 
erosion-corrosion  and  cuprosolvency  encountered  in  copper  tubing  can  be 
avoided.  The  pitting  corrosion  mechanism  of  copper  tubing  seems  to  be 
complicated.  In  the  previous  work^^  it  was  discussed  that  the  formation 
of  a  particular  passive  f  i  I m  on  copper  i  s  a  prerequisite  factor  for  the 
occurrence  of  pitting  under  the  presence  of  dissolved  oxygen  and 
residual  chlorine  in  hot  water.  Thus  deaeration  i s  an  effective  means  for 
the  prevention  of  pitting. 

In  the  closed  system  dissolved  oxygen  is  consumed  by  the  corrosion 
reaction,  but  corrosion  problems  sometimes  occur  due  to  DO 
accompanied  by  replenished  water.  Therefore,  in  the  closed  cooling 
water  system,  water  replenishment  can  be  made  through  the  deaeration 
unit,  and  water  in  the  system  is  also  partially  extracted  and  returned  to 
the  loop  after  deaeration.  Thus,  in  water  that  is  nearly  free  of  DO, 
corrosion  of  the  water  recirculating  loop  will  be  negligible. 

5.  Case  Studies  of  Deaeration  Corrosion  Protection 
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A.  Non  Chemical  Water  Treatment  in  Low-pressure  Boilers 
In  low-pressure  boilers,  deaeration  is  a  very  effective  means  for 
corrosion  prevention.  In  the  usual  injection  of  chemicals  such  as 
hydrazine  as  a  deoxygenating  agent,  feed-water  pipes  are  sometimes 
susceptible  to  pitting  corrosion  at  the  entrance  of  the  feed  water  pipe, 
because  the  reaction  of  the  deoxygenating  chemicals  with  DO  is 
relatively  slow  at  ordinary  temperatures.  In  low-pressure  boilers  the  pH 
of  boiler  water  is  commonly  maintained  at  about  11.0  to  11.5  by  ajkali 
addition  for  scale  control.  However,  without  the  addition  of  alkali,  the 
pH  is  easily  attained  by  the  decomposition  of  bicarbonate  ions 
sufficiently  contained  in  boiler  feed-water.  Thus,  combined  with  an 
automatic  softening  apparatus,  non-chemical  water  treatment  has 
successfully  been  accomplished  in  the  low-pressure  boiler. 


0.5  .  r  - 

^  0.4_  -1 

c  ®  I  ■ 

[■"i 

_ j 

...  J  .1 

1 

-'•'•J  »• 

— -  ■  '  - 

f - T‘ 

_ ' _ 1 

N».«*  u.u  j  -  r 

«  i  . 

u-  0  2  Ux  i _ 

1 

h"!  *-1 

1  \\ 

n  1  .  -.u  _ 

.J 

\ZiZ 

L  ..1 . 4 

0  1  .J  -< — J 

5  ^  M  et 
^  rr,  «» 

1 

>  CO  CN 

> 

1  s.  (o 
)  •  »o 

Cold  water 


-H 


-1.-1- i . I- 


N.  N. 


§ 


(S 


Time  (day) 


Hot  water  A 


B.  Application  to  the  Cold-  and  Hot-water  Supply  in  a  Hotel 
Figure  5  shows 
changes  in  the 
total  iron 
concentration  in 
water  with  time. 

Water  samples  of 
200ml  were  taken 
every  5  seconds 
after  turning  on  a 
faucet.  Within  a  year 
after  construction 
red-water  complaints 
were  already  reported. 

In  this  figure, 
comparatively  high 
levels  of  total  iron 
were  detected, 
particularly  in  the  hot- 
water  system  before 
installation. 
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Fig.  5  Changes  of  total  iron  in  waters  with  time. 


The  DO  value  dramatically  decreased  after  installation  of  the 
deaeration  unit  and  thereafter  a  low  level  of  iron  was  maintained. 
Turbidity  and  color  changed  in  the  same  manner  as  the  iron 
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concentration.  These  results  indicate  that  no  more  corrosion  is  occurring 
in  the  presence  of  the  low  level  of  DO.  The  existing  FeOOH  rust  will  be 
electrochemically  reduced  to  magnetite  after  the  total  consumption  of 
dissolved  oxygen. 

Fe  +  SFeOOH  -*  SFCsO^  +  4H2O 

C.  Red-water  Problems  in  a  Company  Dormitory 

This  building  has  been  used  for  18  years  since  construction.  Galvanized 
steel  pipes  have  been  used  for  both  cold-  and  hot-water  supply  systems. 

A  very  high  content  of  iron  due  to  severe  corrosion  has  been  detected  in 
the  hot-water  system.  Figure  6  shows  the  change  in  iron  content  of 
water  with  time  before  and  after  installation  of  the  deaeration 
equipment.  Total  iron  is  decreasing 
gradually  with  time.  This 
indicates  that  the  existing 
rust  was  stabilized  under 
the  low  DO  content.  In  the 
cold-water  system  the 
total  iron  was  lowered 
below  the  drinking  water 
standard  (0.3mg/l)  shortly 
after  installation.  It  is 
also  demonstrated  that 
deaeration  is  very 
effective,  even  with 
severe  corrosion  of  the 
galvanized  pipes  in  \ 

hot-water  systems. 

Fig.  6  Changes  of  total  iron  content  before  and  after  installation. 

D.  Application  to  Closed  Systems 

Deaeration  equipment  was  applied  to  the  closed  system  of 
air-conditioning  water  pipes  in  an  intelligent  building  equipped  with 
business  computers,  in  which  no  interruption  of  cooling  water  service 
due  to  corrosion  trouble  is  allowed.  Galvanized  steel  pipes  were  used  for 
the  water  recirculating  system.  A  Fan-coil  unit  made  of  copper  tubing 
was  installed  in  the  circuit.  Mild  steel  specimens  were  exposed  in  the 
deaerated  cooling  water  of  the  bypass  line  for  56  days.  Table  1  shows 
the  water  quality  and  results  of  corrosion  testing  after  6  months  of 
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Total  iron  (mg/I) 


Table  1  Water  Quality  and  Corrosion  Rate  in  Closed  System 


ESD 

ESSSEI 

Water  temperature^b) 

28.7 

30.7 

11.8 

pH 

8.S 

8.9 

8.7 

DO(ma/l) 

0.3 

0.35 

0.34 

Conductivity  (tiS/cm) 

202 

198 

199 

59 

60 

54 

|chioride(mg/l) 

18 

17 

17 

89 

79 

77 

SHica  (mg/I) 

8 

14 

7 

Fe(mg/I) 

0.03 

0.05 

0.08 

Cu(mg/I) 

0.04 

0.04 

0.04 

Zn(mg/I) 

0.17 

0.08 

0.31 

1.27 

1.88 

1.42 

*  Average  corrosion  rate  of  mild  steel  specimens  (three  pieces). 
Testing  period:  56  days  in  each  loop. 


installation.  The  average  corrosion  rates  calculated  from  weight  loss 
were  1 .27  to  1 .88  mdd.  These  are  very  low  compared  to  30  to  60  mdd 
obtained  in  the  air-saturated  waters.  The  total  amount  of  iron  and 
copper  in  the  water  was  also  very  low  in  concentration.  Although  the 
copper  content  in  water  is  low  below  0.1  ppm,  copper  deposition  was 
found  on  some  specimens,  which  shows  that  the  dissolved  oxygen  was 
almost  completely  expelled  from  the  cooling  water  loop  system.  The  zinc 
content  came  from  the  corrosion  of  galvanized  steel  pipe  ranging  from 
0.08  to  0.31  mg/i,  which  means  that  the  corrosion  of  the  galvanized 
steel  pipes  is  also  very  small. 

6.  Conclusion 

In  soft  water  corrosion  protection  measures  to  be  taken  are  limited 
because  of  drinking  use.  Deaeration  using  a  hollow  fiber  gas  separation 
membrane  was  successfully  applied  as  the  corrosion  protection  of  the 
cold-  and  hot-water  supply  systems  in  buildings,  it  was  demonstrated 
that  corrosion  and  red-water  problems  were  virtually  eliminated  by 
reducing  the  DO  content  below  0.5  ppm  in  water.  Deaeration  without  the 
addition  of  chemical  agents  should  be  reconsidered  as  a  corrosion 
protective  measure  from  the  view  point  of  environmental  concerns. 
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Abstract 

Corrosion  phenomena,  namely  the  aggregate  effects  of  one  or  more  material 
degradation  mechanisms,  cost  society  large  amounts  of  money.  Large  amounts  of 
disposable  money  are  the  results  of  even  larger  amounts  of  human  labor.  These 
monies  and  these  labors  are  unnecessary  if  corrosion  control  is  successful.  The 
economics  of  the  control  are  favorable.  There  are  also  favorable  economics  to 
developing  technology  for  corrosion  control.  However,  many  environmental  activities 
and  "Save  the  Earth  Movements”  work  against  the  favorable  ^.onomics  for  corrosion 
control.  With  the  prop^  actions,  the  development  of  corrosion  control  technology  and 
many  of  these  pro-environment  activities  can  be  complimentary. 

Corrosion 


The  purpose  of  this  paper  is  not  to  define  corrosion.  This  has  been  done  by  many 
sources,  in  many  different  ways  and  with  many  different  resulting  controversies.  For 
purposes  of  this  discussion,  it  does  not  matter  whether  corrosion  is  purely  involving 
electron  changes  at  the  atomic  level  or  not.  What  is  important  is  strictly  that  corrosion 
results  in  the  degradation  of  materials.  The  degradation  of  materials,  in  turn,  results  in 
the  impairment  of  structural  integrity  of  systems,  introduction  into  the  environment  of 
unwanted  materials  in  the  form  of  corrosion  products  and  advanced  effects  such  as 
impairment  of  human  safety.  None  of  these  results  of  corrosion  are  desirable  In  terms 
of  the  preservation  of  the  world  In  which  we  live. 

Losses  such  as  those  associated  with  corrosion  are  best  measured  in  currency  units. 
When  this  is  done,  the  magnitude  of  the  world’s  corrosion  losses  are  estimated  to  be 
between  many  hundreds  of  millions  of  dollars  and  several  billion  dollars  per  year. 
Corrosion  losses  are  not  small  items.  They  tend  to  be  overlooked  because  their 
disastrous  affects  are  spread  out  over  long  periods  of  time.  Therefore,  the  immediacy 
of  addressing  a  corrosion  problem  is  often  masked  by  other  problems  which  elicit 
themselves  as  apparent  emerg^cies.  This  is  unfortunate,  because  corrosion,  properly 
addressed  on  a  continuing  b^is,  can  be  stifled.  The  benefits  are  both  short  term  and 
long  term  economically  favorable. 
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Corrosion  Control 

Corrosion  control  basically  falls  into  two  different  categories.  The  first  category 
actually  involves  keeping  corrosion  from  happening.  We  should  properly  call  this 
corrosion  prevention.  Corrosion  prevention  Is  accomplished  using  materials  which  do 
not  deteriorate  at  an  accelerated  rate  in  the  environment  in  which  they  operate. 
Additionally,  corrosion  prevention  can  be  accomplished  by  removing  any  one  of  the 
elements  required  to  produce  corrosion  in  a  specific  environment.  For  an  example,  If 
the  cathode  of  a  corrosion  cell  is  removed  from  electrical  contact  with  the  anode, 
electron  transfer  cannot  occur.  If  electron  transfer  cannot  occur,  the  anode  will  not 
corrode  in  that  ceil.  Corrosion  may  also  be  prevented  by  applying  surface  coatings, 
linings  and  other  devices  which  isolate  either  the  anode  or  the  cathode  of  a  corrosion 
ceil  from  contact  with  an  electrolyte.  Similarly,  hard  coatings  and  linings  may  resist 
abrasion  and  erosion,  thus  preventing  corrosion  by  these  mechanisms. 

A  second  type  of  corrosion  control  involves  the  slowing  of  the  kinetics  of  the  corrosion 
process.  This  is  truly  a  rate  control  phenomenon.  Most  important  among  the  rate 
control  technologies  is  the  use  of  corrosion  inhibitors.  Generally,  corrosion  inhibitors 
interfere  with  the  reactions  causing  corrosion.  The  degree  of  interference  translates 
directly  to  a  percentage  of  corrosion  inhibition.  Often,  the  control  can  be  effected  by 
changes  in  inhibitor  concentration  or  by  other  environmental  considerations  such  as 
moisture  content,  oxygen  content,  acid  content,  temperature,  pressure,  etc. 

Corrosion  reaction  retardants  behave  in  such  a  way  that  they  directly  affect  the  rate  of 
reaction.  They  need  not  decouple  contact  between  or  among  the  elements  required  to 
produce  the  corrosion. 

Electrochemical  corrosion  control  techniques  such  as  anodic  protection,  cathodic 
protection,  etc.  are  truly  rate  controlling  corrosion  reaction  inhibitors.  Electrochemical 
techniques  are  not  corrosion  preventing  except  when  they  operate  perfectly.  Needless 
to  say,  perfection  and  human  experience  do  not  coexist  in  the  same  world  for  any 
extended  period  of  time. 

Corrosion  Control  Deterrents 

As  has  already  been  pointed  out,  corrosion  costs  the  world  tremendous  amounts  of 
money  and  labor.  As  such,  effective  comosion  control  is  economically  favorable.  This 
control  is  sufficiently  economically  favorable  that  research  which  results  in  effective 
corrosion  control  technology  is  also  economically  favorable.  The  reason  for  separating 
the  costs  of  research  from  the  costs  of  corrosion  control  is  simply  that  the  costs  of 
research  tend  to  be  somewhat  higher  thai  the  costs  of  the  actual  control.  This  rests  in 
the  sociology  elements  and  not  in  the  other  technical  elements  associated  with  stalling 
or  halting  corrosion  processes. 

Unfortunately,  society  does  not  always  perform  in  the  most  logical  or  beneficial 
fashions  with  respect  to  economics. 

As  world  governments  build  structures  in  their  own  and  in  foreign  iands,  they  tend  to 
not  provide  for  “sinking  funds”.  The  accountant  allows  for  depreciation  in  value,  but 
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the  creator  does  not  allow  for  the  maintenance  of  value.  This,  is  a  deterrent  to 
con'osion  control. 

Bridges  rust,  concrete  cracks,  glass  flows  and  etches,  plastics  embrittle,  etc.  Stated 
differently,  naturally  occurring  processes  tend  to  promote  material  degradation. 
Mankind  tends  to  be  lax  with  setting  up  preventative  maintenance  funds.  The  reason 
probably  lies  in  the  fact  that  this  would  make  politicians  less  effective  in  their  jobs.  The 
establishment  of  preventative  maintenance  funds  would  make  the  apparent  costs  of 
goods  and  services  in  a  society  higher  at  the  outset.  This  is  simply  politically 
unattractive. 

Unfortunately,  economic  analysis  continues  to  show  over  and  over  that  what  appears 
to  be  socially  unattractive  may  actually  be  highly  beneficial.  The  problem  lies  in  the 
apparent  appearance  of  the  short  run  costs  versus  the  true  long  run  costs.  What 
appears  to  be  expensive  in  the  short  run  would  actually  be  inexpensive  in  the  long  run. 
The  taxpayer  is  forced  to  bite  the  bullet  in  the  beginning  and  to  pay  the  extra  money  for 
the  corrosion  control. 

Alternatively,  if  corrosion  control  is  properly  packaged  by  politicians  and  sold  to  their 
constituency,  all  parties  benefit.  More  real  dollars  are  paid  upfront.  Less  real  dollars 
are  paid  long  term.  Normally  corroding  structures  last  longer  and  better  serve  their 
functions  with  improved  safety. 

A  second  deterrent  to  corrosion  control  is  best  termed  “Acts  of  God”.  Weather 
changes,  earth  quakes,  volcanoes,  tidal  upsets,  “dry  years",  “wet  years”,  all  affect 
corrosion  control  in  a  somewhat  adverse  and/or  unexpected  fashion.  Corrosion  is 
typically  designed  for  average  conditions.  The  engineer  often  neglects  odd  events 
such  as  the  aforementioned. 

A  new  deterrent  to  corrosion  control  has  sprung  up  in  society  as  a  result  of  mankind’s 
efforts  to  save  the  environment.  The  latter  involves  the  conflicts  between  conventional 
corrosion  control  technology  and  conventional  environmental  protection  technology. 
For  example,  the  use  of  hexavalent  chromate  as  a  corrosion  inhibitor  in  carbon  steel 
systems  and  in  carbon  steel  and  yellow  metal  systems  containing  water  has  historically 
been  the  most  effective  corrosion  control  technology  available.  From  essentially  1990 
forward,  this  technology  is  banned  as  a  result  of  the  various  environmental  movements. 
Chromates  tend  to  be  toxic  to  living  organisms  as  well  as  being  carcinogenic  to  many 
organisms.  Because  of  these  unwanted  effects  to  living  species,  the  environmentalist 
has  won  out  over  the  corrosion  control  scientist.  In  briefest  essence,  the  use  of 
chromates  to  inhibit  corrosion  in  open  environments  is  banned. 

Alternative  corrosion  control  technologies  do  exist.  However,  substitute  corrosion 
control  technologies  do  not  exist.  Each  of  the  corrosion  control  technologies  which 
have  been  developed  to  replace  the  use  of  hexavalent  chromate  have  proven  to  be 
either  more  expensive  and/or  somewhat  less  effective.  It  Is  for  this  reason  that  we 
choose  to  look  at  the  different  technologies  as  being  chromate  alternatives  and  not 
chromate  substitutes. 
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The  ban  on  chromates  is  not  the  only  divorce  between  corrosion  control  technology 
and  environmental  protection  technology.  Many  other  corrosion  inhibitors  have 
unwanted  environmental  side  effects.  Even  the  use  of  chlorine  as  a  microbiocide, 
macrobiocide  and/or  disinfectant  in  water  systems  is  severely  restricted  by  the 
environmentalist.  In  the  future,  other  oxidizing  type,  broad  sfjectrum  biological  control 
agents  promise  to  be  banned  and/or  severely  restricted  as  a  result  of  the  efforts  of  the 
environmentalists. 

Society  pays  a  tremendous  price  when  selecting  among  these  alternative  technologies. 
As  with  the  case  of  hexavalent  chromate  salts,  biocides  which  are  alternative  to 
chlorine  and  oxidizing  by  nature,  are  either  less  effective  or  more  costly  than  is 
chlorine.  This  means  that  corrosion  control  for  microblologically  influenced  corrosion 
and  other  forms  of  corrosion  which  result  from  the  proliferation  of  biological  organisms 
are  less  effective  due  to  environmental  considerations. 

Other  potential  corrosion  control  technologies  are  stifled  by  efforts  related  to  the 
environmentalists.  For  example,  the  use  of  electrochemical  protection  promises  to  be 
severely  regulated  by  consideration  of  the  effects  of  the  related  elertric  fields  and 
magnetic  fields.  Nondestructive  inspection  techniques  and  remote  monitoring 
techniques  involving  x-ray  technologies  and  radioactive  Isotopes  will  be  severely 
regulated  by  environmental  concerns.  Corrosion  inhibitors  other  than  hexavalent 
chromate  promise  to  be  severely  regulated.  Many  of  the  regulations  are  already 
promulgated  or  in  the  process  of  being  promulgated.  In  general,  heavy  metal  corrosion 
inhibitors  promise  to  be  restricted  from  discharge  to  air,  water  or  ground.  Monitoring 
costs  associated  with  such  materials  increase  the  cost  of  corrosion  control. 

Industrial  systems  are  being  built  with  double  walls,  dikes,  and  other  environmental 
protection  barriers.  A  significant  portion  of  the  costs  associated  with  these  structures 
is  a  direct  increase  in  the  cost  of  corrosion  control  technology. 

Another  item  which  works  against  effective  corrosion  control  is  the  cost  of  designing 
associated  structures  to  be  environmentally  acceptable.  Perhaps  this  refers  to  nothing 
more  than  the  esthetics  of  blending  into  the  environment.  Nevertheless,  there  is  an 
associated,  positive  incremental  cost.  This  works  directly  against  the  promotion  of 
corrosion  control.  This  is  highly  undesirable  In  the  long  run. 

The  Marriage  Of  Corrosion  Control  and  Environmental  Technologies 

For  the  overall  well  being  of  society,  it  is  necessary  that  both  the  end  products  of  the 
environmentalists  and  the  end  products  of  the  corrosion  control  scientists  be 
compatible.  These  technologies  can  be  easily  and  effectively  wed.  In  order  to  do  this, 
the  economist  must  dovetail  the  efforts  of  the  corrosion  control  scientist  with  those  of 
the  environmental  scientist. 

When  the  latter  is  done  properly,  it  becomes  apparent  the  environment  can  be 
protected  and  corrosion  can  be  minimized  by  prudent  planning  and  acting  in  the 
beginning.  Where  continuing  corrosion  control  technology  must  be  applied  to  a 
system  to  protect  the  environment  and  the  system,  this  is  best  done  in  the  early  stages 
of  design.  In  fact,  environmental  research  and  corrosion  control  research  can  be 
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combined  in  a  cost  effective  fashion.  What  is  required  is  simply  that  the  outcome  of 
the  research  be  compatible  with  the  needs  of  both  technologies.  The  cost  of  the 
research  will  not  double  as  there  will  be  synergies  realized  through  the  focus  of  the 
combined  efforts. 

Mankind  will  benefit  dramatically  from  the  realization  of  both  corrosion  control  and 
environmental  protection.  People  who  make  their  career  in  the  areas  where 
environmental  and  corrosion  control  technology  overlap  will  realize  more  interesting 
careers  and  more  varied  experiences.  System  operators  will  have  the  benefit  of  lower 
corrosion  product  inventories  in  their  sy^em  coupled  with  more  consistent  operation. 
Finally,  personnel  safety  and  structural  integrity  of  systems  will  be  greatly  heightened. 


